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Abstract 
The Galilee and Eromanga sedimentary basins are located in central-western 
Queensland, and are sub-basins of the Great Artesian Basin (GAB), which hosts 
major groundwater resources. Ongoing coal seam gas (CSG) exploration is been 
carried out in the Permian units of the Galilee Basin which underlie the Jurassic-
Cretaceous aquifer sequences of the GAB, including the Eromanga Basin.  In order 
to assess if there may be potential impacts of CSG activities on aquifers, it is 
essential to understand whether there is potential for hydraulic connection between 
the Permian coal seams and the overlying aquifers. To achieve this, the study 
develops a 3D geological/hydrogeological model using GoCAD software, which is 
used to support hydrochemical and isotopic characterisations of the groundwater 
systems. 
Limited subsurface data were available as input for the geological model 
development plus their reliability was usually low, especially for drillholes. For this 
reason, a comprehensive data validation process was implemented, plus later seismic 
data were also validated by comparing each surface with the formations tops 
identified from drill-logs. After validation, the data were combined to create a series 
of cross sections; control points were added to avoid model artefacts and ensure 
chronological order; these data sources where then used to produce the 3D geological 
model of the Galilee and central Eromanga basins. A 3D conceptual hydrogeological 
model was then generated. Using these models, and integrating other data, 
hydrological processes were interpreted. Of note, the relation between regional faults 
and groundwater flow was assessed, identifying four different types of hydraulic 
pathways.   
More than 600 water chemistry analyses were available in the Queensland 
Groundwater Database, with most of them sourcing Eromanga Basin aquifers. To 
supplement existing data, sixty bores were also sampled during this study targeting 
the deeper Galilee Basin formations where limited prior information existed. 
Hydrochemical data were evaluated using a Multivariate Statistical Analysis 
approach, which included the use of Hierarchical Cluster Analysis (HCA), Principal 
Component Analysis (PCA) and Factor Analysis (FA). HCA allowed the recognition 
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of four different water types in the area, of which three characterise GAB 
groundwaters and the fourth, the Galilee Basin recharge area (outside the GAB 
limits). Factor Analysis enabled identification of the hydrochemical processes 
controlling water chemistry, and combined with the 3D geological model enabled 
understanding of groundwater evolution along hydrological path-ways. The 
assessment demonstrated that evapotranspiration dominates groundwaters 
hydrochemical evolution in the recharge area, and carbonate dissolution becomes 
dominant along the flow path. The use of PCA allowed separation of the Early 
Cretaceous-Jurassic GAB Sequence into two sequences based in their hydrochemical 
character. Consequently, a new GAB hydrogeological “sequence” is proposed in the 
study dividing the GAB into three vertically based on its hydrochemistry. In 
addition, gas (largely CO2) was also recognised in GAB groundwaters, and their 
degassing at lower pressure near-surface shown to be an important process.   
Analysis of a range of isotopic parameters helped to confirm hydrochemical 
processes, and to understand how within water-rock interaction mineralogy 
influences water chemistry. In regards to the recharge area of the Eromanga Basin 
transpiration is shown to be more important than evaporation; shown by the 
relatively low variability in δ18O along the flow path. Carbonate dissolution is 
confirmed as the dominant hydrochemical process from comparison of the 
relationships between δ13C and 87Sr/86Sr.  However, of note, methanogenesis is also 
recognised in three samples, two of them tapping Galilee Basin coal seams. Previous 
mineralogical studies indicated that micas (K-rich minerals) are found in lithologies 
of the upper Galilee Basin Triassic units, and through silicate dissolution may 
explain highly radiogenic 87Sr/86Sr values, determined here for the first time. 
Groundwater age was calculated for selected bores, and is in general agreement with 
ages from previous studies, and show a pattern of increasing age along groundwater 
flow path. 
The study overall improved the understanding of the hydrological relationship 
between the Eromanga Basin formations of the GAB, with the underlying Galilee 
Basin formations. The approach used integrated chemical and isotopic methods with 
a conceptual hydrogeological model as a framework, and enabled the hydrochemical 
characterisation of groundwaters and an understanding of potential inter-aquifer 
connectivity within and between deep sedimentary basin environments.  
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Chapter 1: Introduction 
This thesis is based on a series of linked publications, which are supported by 
background information to provide context. Chapter 1 outlines the background 
(section 1.1) and aims (section 1.2) of the research, and its significance (section 1.3) 
Section 1.4 provides the structure of the thesis with an outline of the chapters and 
includes a summary of three papers that are the main body of this study. 
 
1.1 BACKGROUND AND SETTING 
 
The Galilee Basin is a large sedimentary basin located in central-western 
Queensland and hosts Permian coal seams which are of interest for their coal seam 
gas (CSG) potential.  Recent exploration activity has occurred since 2010 by 
companies broadly grouped in the Galilee Basin Operator’s Forum (GBOF). The 
Permian coal seams are overlain by Triassic sedimentary formations within the 
Galilee Basin and by Jurassic and Cretaceous formations of the Eromanga Basin, 
which overlie the Galilee Basin strata. All these Mesozoic formations are part of the 
extensive Great Artesian Basin (GAB) which is the most important groundwater 
resource in Australia, covering approximately 22% of the Australian continent. 
CSG (referred to as CBM, coal bed methane, in North America) is considered 
as an unconventional gas resource along with shale gas and “tight gas”. The United 
States (US) of America is currently the biggest producer of unconventional gas, 
exploiting all three types with shale gas currently being the most important. Shale 
gas production has increased from 1% in 2000 to 20% in 2009 of the total US gas 
production and this trend is expected to remain strong (Boyer et al. 2012).  Shale gas 
resources have become a major focus of the US gas industry, even being described as 
a revolution (Stevens, 2010), and production of unconventional gas in the US 
exceeded that of conventional gas in 2007 (Rogers, 2011). Proven world reserves of 
unconventional gas have grown rapidly since 2000 and are expected to exceed any 
other fossil fuel source by 2020 (IEA, 2012).  
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 For shale gas resources, the gas is trapped in shale beds, fine grained, low 
permeability sedimentary rocks which act as the gas source, while in CSG resources 
the gas is adsorbed within the more permeable coal matrix due to hydrostatic 
pressure.  Permeability is usually lower in shale gas reservoirs than in CSG 
reservoirs (Jenkins and Boyer, 2008)  which is why new methods need to be used for 
shale gas to artificially increase permeability (i.e. hydraulic fracturing and horizontal 
drilling). For CSG extraction, large volumes of groundwater are required to be 
extracted in order to reduce the hydrostatic pressure and free the gas. As permeability 
tends to be higher in coal seams than in shale, an artificial increase of the 
permeability is not routinely required.  
As with all fossil fuel related energy sources, the contribution to global 
Greenhouse Gas (GHG) emissions needs to be considered. GHG emissions vary 
throughout the energy life cycle (e.g. extraction, processing, transport or generation), 
which is why when comparing different GHG sources it is more realistic to compare 
the whole life cycle.  To provide context, GHG associated with CSG in Australia has 
a higher life cycle compared to GHG associated with conventional gas, and is 
approximately 13 to 20% more GHG intensive. However, CSG is less GHG intense 
compared to coal (Hardisty et al. 2012). Of major significance here, coal has been 
used largely for energy production and is the most consumed fuel type in Australia 
(BREE, 2013).  
Based on this and according to world trends, the energy market is likely to be 
dominated by natural gas in the next several decades. Even though natural gas does 
not have GHG emissions as low as most renewable or nuclear energy sources 
(Hardisty et al. 2012), it is still considered as a “clean” energy source compared to oil 
or coal.  Following this Australia may be considered to be moving towards cleaner 
energy production, supported by CSG and conventional gas reserves.  
Although economic and environmental arguments can be made for CSG 
resource development, it is crucial to understand the regional hydrogeological 
framework of sedimentary basins containing the CSG deposits, and potential 
implications of the CSG development to groundwater resources. In particular, 
potential influences of the CSG extraction on GAB groundwater which has been 
used since the early 1880s for human consumption, pastoral use and also for mining 
need to be considered prior to development, as this artesian groundwater is the only 
 Chapter 1: Introduction 
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reliable water source to many communities in much of arid eastern Australia (e.g. 
Habermehl, 1980). Even though much hydrogeological research has been carried out 
in the GAB, there is a definite lack of understanding of possible connectivity 
between strata, at both formation and basin scales. Various other factors should also 
be considered, as for example methane and other gases which have been observed in 
the GAB groundwater (e.g. mostly CO2; Barron and Cox, 1998), and for this reason, 
CSG-related groundwaters may potentially be a source of GHG that needs to be 
understood. 
The Galilee Basin is a sub-basin of the GAB, and underlies the Eromanga 
Basin of the GAB, which contains the major artesian groundwater aquifer systems. 
Because of this, substantially less information is available for the deeper Galilee 
aquifer system, where previous drilling was mostly for exploration of conventional 
petroleum resources.  The Galilee Basin, therefore, still requires a much better 
baseline understanding of groundwater character and hydrological processes based 
on a reliable conceptual hydrogeological framework before any CSG exploitation 
occurs. 
 
1.2 AIMS 
 
The main aim of this PhD study is to assess the possible hydraulic connection 
between the Permian coal seams of the Galilee Basin and the overlying aquifers of 
the GAB, and also to assess potential inter-aquifer mixing between the GAB 
aquifers. The area of focus for the study is the northern Galilee Basin where coal 
seams are expected to contain gas. Such a study depends on data availability, both 
existing and new, and therefore the approach taken here is guided by data 
distribution and/or limitations. For example, the 3D geological model developed in 
this study focuses on the northern-central Galilee Basin as there is not enough data in 
other areas. In contrast, for the assessment of groundwater evolution, this study 
considers the entire Galilee Basin (excluding the Lovelle Depression) as data 
availability, including new data, enables a more complete characterisation. In order 
to address the main aim of this study, three sub-aims will be addressed separately 
that will support the overall aim: 
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 What’s the influence degree of regional geological structures on 
groundwater movement.  
 Hydrochemically characterise the groundwaters and identify the main 
hydrochemical processes occurring in the study area. 
 Determine the hydrological relationship, in the lower GAB, between 
the (Galilee) Triassic Clematis Group and the overlying (Eromanga) 
Jurassic Hutton Sandstone aquifer.  
 
1.3 SIGNIFICANCE 
 
A detailed assessment and good understanding of hydraulic interactions 
between coal seams and aquifers is required due to the importance of both local and 
regional hydrogeology as a key factor for CSG exploration and exploitation. In 
addition, despite the significance of the GAB as the largest groundwater resource in 
Australia and the main source of water in the study area, no investigations have 
adequately addressed aquifer connectivity in this part of the GAB and as a 
consequence only limited understanding currently exists. 
This study develops a 3D geological model for a large basin with very limited 
data, where new faults are identified based in seismic data and regional faults are 
evaluated in regards to their likely influence on groundwater flow. Relationships 
between gas and water along fault zones are also investigated identifying areas where 
higher accumulation of gas may occur and faults behave as conduit to both gas and 
water from coal seams to overlying aquifers. The combination of methods used in 
this study is designed to overcome the limited pre-existing data of some parts of the 
region. Particularly, the combination of the assessment of 3D framework of the 
basins (including faulting; Chapter 3) with multivariate statistical analysis techniques 
(Chapter 4), isotopic characterisations (Chapter 5) and dissolved gas concentrations 
near faults (presented in Chapter 6) permitted the confirmation of inter-aquifer 
mixing. All these methods can be reproduced in other large sedimentary 
basins/aquifers (e.g. Guarana Aquifer, Brazil). 
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The importance of the understanding on how large aquifer systems may be 
affected by any external activity is vital for all the communities depending on these 
groundwaters. Of special interest is to comprehend whether any mining/CSG activity 
may affect/contaminate the GAB aquifers. Because CSG is currently in an 
exploration stage in the study area and no commercial exploitation has started; this 
study may therefore be used to support baseline assessments of the aquifers in case 
any CSG development starts. 
 
1.4 APPROACH AND OUTLINE 
 
A broad overview of the area is included in Chapter 2. The background of coal 
seam gas basins is discussed and the stratigraphy of both basins as well as the 
hydrogeological characteristics of the GAB are reviewed. In addition, methods used 
during the development of this current study are also reviewed, highlighting their 
usefulness and how they are applied within the study. 
The main body of the thesis consists of Chapters 3, 4 and 5 which are prepared 
as independent journal publications for this “thesis by publication”. Although each 
paper addresses a different specific aim and was developed separately, together they 
address the broad aims of the study. Chapter 3 (Paper 1) describes the development 
of a 3D geological model of the Galilee and Eromanga basins and also evaluates the 
role of faults in relation to groundwater flow, especially to confirm whether they act 
as conduits or barriers to groundwater. Chapter 4 (Paper 2) investigates the main 
hydrogeological processes within the broader GAB and the Galilee Basin, as well as, 
the hydrochemical evolution of groundwater from the recharge area to the deeper 
parts of these basins. Chapter 5 (paper in preparation) compares several stable and 
radiogenic isotopic signatures (δ2H, δ18O, δ13C, 87Sr/86Sr and 36Cl) of these 
groundwaters in order to study whether inter-aquifer mixing occurs.  
The results and findings of these three papers are integrated and then discussed 
in Chapter 6. 
Paper 1 primarily address the first aim. 
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Paper 1: Three-dimensional geological modelling of the Galilee and central 
Eromanga basins, Australia: new insights into aquifer/aquitard geometry and 
potential influence of faults on inter-connectivity.  
The focus of this paper is to develop a 3D geological model at the formation 
scale for all the hydrostratigraphic units of the central Galilee and Eromanga basins. 
After a comprehensive data validation process, a methodology is developed to create 
a geological model, which is based on limited input data. Aquifer vertical 
displacement across regional faults is studied, and four types of potential hydraulic 
pathways were identified: aquifer compartmentalisation, juxtaposition of aquifer and 
aquitards, inter-aquifer connectivity and abutment of aquifers against basement 
barriers. 
Papers 2 and 3 primarily address the second and third aims. 
Paper 2: Hydrochemical evolution and groundwater flow processes within the 
Galilee and Eromanga basins, Great Artesian Basin, Australia: A multivariate 
statistical approach.   
This paper integrates all the hydrochemical and physicochemical data into a 
multivariate statistical analysis approach (Hierarchical Cluster Analysis, Principal 
Component Analysis and Factor Analysis) which identifies hydrochemical groups 
within the GAB aquifers. The main hydrochemical processes within the study area 
are identified, as is an area of possible inter-aquifer mixing between the Betts Creek 
Beds and the Hutton Sandstone. A revision of the existing GAB hydrochemical 
sequence is proposed based on differences found by Principal Component Analysis. 
According to this proposed revision, the GAB can be separated into three 
hydrochemical sequences, compared to the two as previously defined by many 
authors. 
Paper 3: Using environmental isotopes and dissolved methane concentrations to 
constrain hydrochemical processes and inter-aquifer mixing in the Galilee and 
Eromanga basins, Great Artesian Basin, Australia. 
A dataset including δ2H, δ18O, δ13C, 87Sr/86Sr and 36Cl, along with dissolved 
methane concentrations are used to further refine and confirm the understanding of 
the hydrochemical processes identified in Paper 2 and to study inter-aquifer mixing. 
All the hydrochemical processes previously identified were confirmed independently 
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based on the groundwater isotopic signatures. Mineralogical differences were 
recognised in the recharge areas of the Eromanga and Galilee basins, and these 
differences were responsible for the variable 87Sr/86Sr ratios. In regards of inter-
aquifer mixing, groundwater age estimations using 36Cl demonstrated that 
groundwater ages increases along the flow path and based on the available data, there 
is no evidence for mixing and regional vertical leakage as no dissimilar ages were 
found. 
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Chapter 2: Background and methods 
This chapter presents a detailed overview of the study area, its geology and 
hydrogeology in the context of previous work, as well as identifies data and 
information gaps. In addition, the chapter includes a summary of the methods utilised 
during the development of this study (from section 2.6 to 2.9), indicating the value of 
the methods and how they are applied in the present study, and in which section of 
the study they are incorporated.  
 
2.1 GEOLOGICAL BACKGROUND 
 
The Galilee Basin is a Late Carboniferous to Middle Triassic age sedimentary 
basin, located in central-western Queensland. The Galilee Basin extends for over 
247,000 km2 and is roughly “kidney-shaped” and comprised of two main lobes 
which are separated in the south by the uplifted Maneroo Platform. In the study area 
the Galilee Basin overlies the Devonian Adavale Basin, the Late Devonian-Early 
Carboniferous Drummond Basin and Early Palaeozoic basement (van Heeswijk, 
2010). The Galilee Basin is overlain by (i.e. underlies) the Jurassic-Cretaceous 
Eromanga Basin, which is formally part of the GAB. The Galilee Basin can be 
divided into a northern and southern region based on differences in lithostratigraphic 
succession. The boundary between these regions is the area of the Maneroo Platform, 
an elevated section of the geological basement, and located at approximately latitude 
24° south (Hawkins and Green 1993; van Heeswijck, 2006). 
During the deposition of sediments in the Galilee Basin, the Maneroo Platform 
was a basement high separating the Koburra Trough (east) from the Lovelle 
Depression (west; Figure 2.1). Hence, the lithological composition of some 
sediments in the Lovelle Depression differ from their correlatives (equivalents) 
further east (Scholefield, 1989). 
The formation of the Galilee Basin commenced in the Late Carboniferous and 
in its early depositional stages was confined to the Koburra Trough in the east. By 
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the Early Permian, sedimentation was continuous to the west, from the Koburra 
Trough across the northern end of the Maneroo Platform and into the Lovelle 
Depression. An erosional event occurred at the end of the Early Permian after which 
sedimentation continued until the Middle Triassic (Hawkins and Green, 1993). This 
erosional event was interpreted by Evans (1980) as a period of non-deposition and/or 
gentle uplift before the accumulation of the significant, and widespread fluvial and 
coal deposits of the Betts Creek Bed and correlatives started (Vine, 1976; Evans, 
1980; Allen and Fielding, 2007a). There are differences in the stratigraphic sequence 
of these two sections and also within the sequence of the part south of the basin. In 
this current study, one goal will be to identify a sequence similar to the one described 
for the Koburra Trough. 
The sedimentary infill of the Galilee Basin can be divided in two depositional 
episodes, the Upper Carboniferous-Lower Permian and the Upper Permian-Middle 
Triassic (Allen and Fielding, 2007b). The first episode is characterised by the 
sediments of the Joe Joe Group, which consists of the Lake Galilee Sandstone at its 
base, the Jericho Formation, the Jochmus Formation, and the Aramac Coal Measures 
in the Koburra Trough; there are also the Jochmus Formation and Aramac Coal 
Measures correlatives in the Lovelle Depression (Hawkins, 1978). The next 
sedimentary episode started during the Upper Permian when the Betts Creek Beds 
were deposited across the entire basin (Allen and Fielding, 2007b) and during the 
Triassic when there was deposition of the Rewan Group, the Clematis Group and the 
Moolayember Formation in the Koburra Trough. A different Triassic age unit, the 
Warang Sandstone is also recognised in the Lovelle Depression. 
 
2.2  STRATIGRAPHY 
 
The stratigraphic nomenclature for the Galilee Basin was first introduced by 
Gray and Swarbrick (1975), who in particular studied the northeastern part of the 
basin. Hawkins and Harrison (1978) described the stratigraphy of sediments in the 
Lovelle Depression (western Galilee Basin; Figure 2.1) in which only part of the 
succession of the basin is present; that study resulted in adjustments to the 
stratigraphy of the northeastern part of the basin based on seismic reflection surveys.  
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Figure 2-1: The Great Artesian Basin extent showing the various sub-basins, with the outline of the 
underlying Galilee Basin plus the focus area of this study. 
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Wells (1989) and Scott et al. (1995) reviewed the stratigraphy of the different regions 
of the entire Galilee Basin, also incorporating the southern part. Hawkins and Green 
(1993) used extensive exploration well data to examine the stratigraphy of the 
northern Galilee Basin, focusing on the identification of potential targets for 
petroleum exploration. 
Later, van Heeswijck (2004; 2006) studied the seismic stratigraphy of the 
northeastern Galilee Basin based on the interpretation of 750 km of seismic traverses. 
In addition, van Heeswijck also assessed the structures, sedimentology and tectonics 
of the late Devonian Drummond Basin, which underlies the Galilee, leading to the 
identification of six seismic facies in the Galilee Basin. Further characterisation of 
some Galilee Basin units by Allen and Fielding (2007a and 2007b) refined the 
understanding of the depositional environments, sequence stratigraphy, stratigraphic 
architecture and regional correlations of the Permian age Betts Creek Beds, which 
identified six depositional sequences and eight different lithofacies within this 
formation. Jones and Fielding (2008) suggested that there was deposition of glacial 
and non-glacial facies during the formation of the Jericho Formation, providing 
strong evidence of glacial activity during the Late Carboniferous period in Australia. 
The early definition of the stratigraphy of the Eromanga Basin was ambiguous, 
and several formation names defined during the 1940’s and 1950’s are now obsolete 
or superseded, as shown by the Geoscience Australia stratigraphic unit database 
(Geoscience Australia and Australian Stratigraphy Commission, 2013). A first 
approach to refine the nomenclature of the Cretaceous units of the Eromanga Basin, 
particularly the Rolling Downs Group, was made by Vine and Day (1965); this was 
amended to the current nomenclature by Vine et al. (1967). This group is composed 
of the Wallumbilla Formation, the Toolebuc Formation, the Allaru Mudstone, the 
Mackunda Formation and the Winton Formation (Figure 2.2). Exon (1966) redefined 
the stratigraphic names of the Early Jurassic to Lower Cretaceous Sequence of the 
southeastern Eromanga Basin, and this classification is the current formally adopted 
nomenclature. This sequence (from older to younger) includes the Hutton Sandstone, 
Birkhead Formation, Adori Sandstone, Westbourne Formation and Hooray 
Sandstone.  
Senior et al. (1975) observed that the upper part of the Hooray Sandstone can 
be traced westward into South Australia where it is called Cadna-owie Formation, 
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and they proposed this name for the Queensland part of the Eromanga Basin. Senior 
et al. (1978) also conducted a comprehensive study of the geology of the northern 
Eromanga Basin, including the entire stratigraphic sequence, structures and 
economic geology. Burger and Senior (1979) extended the use of the Exon (1966) 
nomenclature to the central and northern Eromanga Basin, the focus area of the 
current study. In addition, they also conducted a detailed palynological revision of 
the sequence.  The petroleum potential of the northern Eromanga Basin was assessed 
by Green et al. (1992), studying in detail the stratigraphic evolution, including the 
Maneroo Platform area where the Galilee Basin sedimentary formations are absent. 
Later, Gray et al. (2002) made the most comprehensive study of the Eromanga Basin 
stratigraphy to date, incorporating the wire-line log characteristics and description, 
stratigraphic relationships and boundaries, age, thickness, distribution and 
depositional setting of every unit. 
With regards to potential impacts of CSG activities on groundwater resource, 
the following formations are of particular interest (Figure 2.2) in the current study: 
 The Aramac Coal Measures and Betts Creek Beds which contain 
significant coal seams, and  are the main focus of current CSG 
exploration activities in the Galilee Basin;  
 The Clematis Group which is the basal aquifer of the GAB;  
 The Moolayember Formation is the top unit of the Galilee Basin, and 
separates two important aquifers (Clematis Group and Hutton 
Sandstone), and also separates the Galilee and Eromanga basins; 
 The Hutton Sandstone and the Hooray Sandstone/Cadna-owie 
Formation are currently the most-utilised artesian aquifers of the GAB. 
As part of bore data re-interpretation during the study it is necessary to clarify 
the characteristics of each stratigraphic unit that will be used in the three dimensional 
geological modelling. A key aspect is the wireline log signature defined for each 
formation. In support of this, the main characteristics of each stratigraphic unit of 
both basins are reviewed below: 
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2.2.1  Galilee Basin 
 
Due to their importance, the various stratigraphic units and their character are 
summarised here. Also important is the use of standardised and current stratigraphic 
nomenclature, which is also discussed. 
 
Lake Galilee Sandstone 
This is the basal unit of the Joe Joe Group of the Galilee Basin and has been 
found only in a few wells in the Koburra Trough. It consists of mainly quartz 
sandstone with minor black mudstone (Scott et al. 1995). This unit can be recognised 
in well logs but does not have a seismic signature (van Heeswijck, 2010). 
 
 
Figure 2-2: Stratigraphy of the Galilee and Eromanga basins, showing formations and ages.  This 
follows the scheme of Habermehl (1980). 
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Jericho Formation 
This unit consists dominantly of mudstone and siltstone with subordinate 
sandstone. Within the middle of the unit a sequence of mainly interbedded siltstone, 
mudstone and shale containing red zeolites is recognised and defined as the Oakleigh 
Siltstone Member (Gray and Swarbrick, 1975). The formation is present in the 
majority of the wells in the northeastern Galilee Basin but it is absent in the Lovelle 
Depression.  
 
Jochmus Formation 
The Jochmus Formation consists of a lower part composed mainly of 
sandstone, a middle part composed mainly of tuff, with minor mudstone, and 
siltstone; and an upper part composed mainly of sandstone, with minor siltstone, and 
mudstone. The middle part is defined as the Edie Tuff Member (Gray and Swarbrick, 
1975). The Jochmus Formation has a widespread distribution in the Galilee Basin. 
 
Aramac Coal Measures 
The Aramac Coal Measures (ACM) consists of sandstone (49%), siltstone and 
shale (40%) and coal (11%) (Gray and Swarbrick, 1975). The ACM is the uppermost 
unit of the Joe Joe Group and the unit is developed on the western side of the 
Koburra Trough and across the Beryl Ridge into the southern Lovelle Depression 
(Scott et al. 1995). 
 
Betts Creek Beds 
The Betts Creek Beds (BCB) represent the entire Upper Permian basin fill for 
the Galilee Basin and they can be recognised within the entire northern Galilee Basin 
(Allen and Fielding, 2007b). The BCB consists of sandstone, interbedded siltstone, 
shale and coal. The sandstone is very fine to coarse and quartzose to sublabile (Scott 
et al. 1995). The BCB and their correlatives represent the final development of coal-
forming conditions within the basin (Allen and Fielding, 2007b). 
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Rewan Group 
The Rewan Group consists of interbedded sandstone, mudstone, and siltstone. 
The sandstone is predominantly labile and generally has an abundant clay or silt 
matrix and poor permeability. These lutites are vari-coloured, mainly in shades of 
red, green, and grey (Vine, 1976); the group occurs within the eastern and central 
areas of the Galilee Basin (Scott et al. 1995). 
 
Clematis Group 
This unit consists mainly of quartzose sandstone with lesser amounts of 
siltstone and mudstone. The unit is confined to the eastern (Koburra Trough) and 
central regions of the basin (Scott et al. 1995). The Clematis Group has the greatest 
porosity and permeability of the Triassic sequence and forms one of the major 
aquifers of the Great Artesian Basin (Vine, 1976). 
 
Moolayember Formation 
The Moolayember Formation is lithologically comparable to the Rewan Group, 
but appears to contain a greater proportion of lutites, particularly in the northern part 
of the basin (Vine, 1976). It consists of mudstone with minor siltstone and some 
sandstone (Scott et al. 1995). 
 
Warang Sandstone 
This unit consists of quartzose to sublabile sandstone, interbedded siltstone, 
mudstone/shale and conglomerate. The Warang Sandstone occurs within the northern 
and western parts of the northern Galilee Basin (Scott et al. 1995). In the study area, 
the Warang Sandstone unit occurs only in the western part, in the Lovelle Depression 
and so is not included in Figure 2.2. 
 
2.2.2 Eromanga Basin 
 
The entire Eromanga Basin sequence form part of the Great Artesian Basin, 
and overlies the Galilee Basin. 
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Hutton Sandstone 
Hutton Sandstone consists dominantly of sandstone with rarely interbedded 
siltstone and mudstone. The sandstone is white to light grey, fine to medium-grained, 
well sorted, sublabile to quartzose, partly porous with some pebble bands and shale 
and siltstone clasts in the lower part (Green et al. 1997). 
 
Birkhead Formation 
The Birkhead Formation consists mainly of mudstone, siltstone and sandstone, 
with minor coal (Swarbrick et al. 1973).  
 
Adori Sandstone 
Adori Sandstone consists largely of sublabile to labile sandstone, with minor 
siltstone and claystone (Exon, 1966).  
 
Westbourne Formation 
The Westbourne Formation comprises mudstones and interbedded siltstone, 
with minor quartzose sandstones (Radke et al. 2000).  
 
Hooray Sandstone 
The Hooray Sandstone is the uppermost formation of the Eromanga Basin 
Jurassic sequences and is largely composed by sandstone, with some polymictic 
conglomerate (Exon, 1966). This is a major GAB aquifer. In the definition of Exon, 
the Hooray Sandstone is divided into an upper and a lower part. The upper part of 
Exon was defined later as the Cadna-owie Formation, which overlies the Hooray 
Sandstone proper (Senior et al. 1975). 
 
Cadna-owie Formation 
The Cadna-owie Formation consists largely of sandstone, with siltstone 
especially abundant toward the base. To the top of the formation is recognised a 
major aquifer, named the Wyandra Sandstone Member. It is Neocomian to early 
Aptian in age being the basal formation of the Eromanga Basin Cretaceous 
sequences (Senior et el., 1975). 
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Wallumbilla Formation 
Wallumbilla Formation is a sequence of mudstone and siltstone, with minor 
limestone; and restricted sandstone, and conglomerate (Vine et al. 1967). It is divided 
into five members; but only two of them are recognised in some wells of the study 
area, the Doncaster Member (lower) and the Coreena Member (upper).  The other 
members are of local extent only. 
 
Toolebuc Formation 
It is a heterogeneous unit consisting dominantly of siltstone and mudstone, and 
limestone is subordinate. It is late Albian in age (Senior et el., 1975).  
 
Allaru Mudstone 
It consists mainly of mudstone, with interbedded siltstone, limestone and lesser 
sandstone (Gray et al. 2002). 
 
Mackunda Formation 
The formation contains argillaceous and arenaceous sediments, mudstone 
similar to that in the Allaru Mudstone, with some calcareous sandstone. 
Lithologically the Mackunda Formation is distinguished from the underlying Allaru 
Mudstone by the occurrence of sandstone beds (Vine and Day, 1965). 
 
Winton Formation 
The Winton Formation was defined by Whitehouse (1954) as the blue shales 
and sandstones with intercalated coal seams, intersected in bores near Winton. Rock 
types of the Winton Formation are similar to those of the underlying Mackunda 
Formation. The main differences are: the sandstone tends to be slightly coarser (fine 
to medium-grained) in the Winton Formation; intraformational conglomerate is 
abundant in the Winton Formation, but is common only in the uppermost part of the 
Mackunda Formation; coal seams (recorded in the water-bore logs) are restricted to 
the Winton Formation; marine fossils are restricted to the Mackunda Formation. The 
Winton Formation is the uppermost formation of the Eromanga Basin (Vine and 
Day, 1965). 
 Chapter 2: Background and methods 
 19 
2.3  NOMENCLATURE DIFFERENCES 
 
2.3.1 Galilee Basin 
 
Late Carboniferous-Early Permian units in the Galilee Basin units were defined 
by Gray and Swarbrick (1975), but several exploration wells and most of the 
groundwater bores reaching these units were drilled prior to 1975. Therefore, these 
units were identified with different names previously used in the past. In the study 
area, at least 20 exploration wells have been interpreted as Permian Units or 
Carboniferous and Permian Unnamed, and 15 exploration wells as Joe Joe Group, 
without differentiating the different units in the group. 
Wells (1989) considers that the Aramac Coal Measures are the same age as the 
Reids Dome Beds of the western Bowen Basin. In two older wells were interpreted 
the Reids Rome Beds, probably because in that time the Aramac Coal Measures had 
not yet been defined and the Bowen Basin is located adjacent to the Galilee Basin. In 
a few wells in the northern Galilee Basin, there are recognised Late Permian 
correlatives of the Bandanna Formation, Black Alley Shale and Peawaddy Formation 
of the Denison Trough, and the Colinlea Sandstone of the Springsure Shelf. Further 
into the basin, this fourfold division cannot be recognised. A twofold division occurs 
in wells particularly in the eastern side. These two subunits may be regarded as being 
correlative with the Colinlea and Bandanna Formation (Gray and Swarbrick, 1975). 
In this study, the Betts Creek Beds has been used for all the Late Permian coal 
measures, as it was used before by Hawkins and Green, 1993. 
The Triassic units in the wells at the Lovelle Depression were not interpreted, 
and were named Triassic Unnamed. Hawking and Harrison (1978) defined three 
undifferentiated Triassic units in the Lovelle Depression; the Lower Unit, the Middle 
Unit, and the Upper Unit. The Lower and Middle units are mainly sandstone, and the 
Upper Unit is characterised by shale and mudstone. Most of the stratigraphic 
interpretation in the well completion reports of old exploration wells describe the 
Triassic sequence in the Lovelle Depression as the Warang Sandstone. 
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2.3.2 Eromanga Basin 
 
Several names of stratigraphic units in the Eromanga Basin have been found in 
old well completion reports and will not be used in this study. Some names 
correspond to units described for other basins, other names are obsolete or 
superseded as determined from the Geoscience Australia stratigraphic unit database. 
Examples of superseded names include Tambo Formation, Roma Formation, 
Transition beds and the Fossil Wood beds. Others names found in the interpretations 
are the Blythesdale Group, Rolling Downs Group, Ronlow Beds, Doncaster Member, 
Coreena Member,Murta Member, Namur Member, Mooga Formation, Orallo 
Formation, Gubberamunda Sandstone, Springbok Sandstone, Walloon Coal 
Measures and Bundamba Group. 
The formal definitions of the Roma and Tambo Formations contain identical 
lithological descriptions and the definitions differ only in respect to the faunal 
content of the unit. In the Australian Code of Stratigraphic Nomenclature, it is 
possible to make this distinction only if there is evidence of a significant difference 
in timing between the deposition of the units. Vine et al. (1967) highlight the absence 
of such evidence to support a period of non-deposition for the Roma and Tambo 
Formations, and then proposed to drop the names as formations, but keep it as 
biostratigraphic units. 
The Rolling Downs Group consists of the Wallumbilla Formation, the 
Toolebuc Formation, the Allaru Mudstone, the Mackunda Formation and the Winton 
Formation according to the nomenclature of Vine et al. (1967). Vine (1966) 
described an arenitic sequence outcropping in the north-eastern Eromanga Basin and 
informally named them as the Ronlow Beds. In the central Eromanga Basin, the 
Ronlow Beds are composed of Hutton Sandstone, Birkhead Formation, the Adori 
Sandstone, the Westbourne Formation and the Hooray Sandstone. However, in the 
northeastern part of the basin the sequence merges into an indivisible, mainly 
quartzose sequence, that cannot be differentiated into units and for this reason the 
name Ronlow Beds is retained (Burger and Senior, 1979). 
The Blythesdale Group was defined by Whitehouse (1945). According to his 
definition it is composed of the Gubberamunda Sandstone (bottom), the Fossil Wood 
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beds, the Mooga Sandstone and the Transition beds (top). These units can be 
approximately correlated with the Eromanga units used in this study as follows: 
 the Gubberamunda Sandstone with the Adori Sandstone; 
 the Fossil Wood beds with the Westbourne Formation; 
 the Mooga Sandstone/Transition beds with the Hooray 
Sandstone/Cadnaowie Formation in the sense of Whitehouse (1945). 
 
Later, Gerard (1964) suggested that on the basis of gamma ray logging that the 
Westbourne Formation was stratigraphically below the Gubberamunda Sandstone 
(bottom of Blythesdale Group) in the Roma area, and this idea was supported by 
Exon (1966). Unfortunately for this study, several well completion reports of wells 
older than 1966 use the Blythesdale Group in the sense of Whitehouse (1954).  Exon 
and Vine (1970) recommended dropping the use of the term Blythesdale Group to 
avoid confusion. 
The Doncaster (Vine and Day, 1965) and Coreena (Vine et al. 1967) members 
form part of the Wallumbilla Formation whereas the Murta and Namur members 
form part of the Hooray Sandstone (Green et al. 1997). The Orallo Formation was 
defined in the Surat Basin and was previously called Fossil Wood Beds (Green et al. 
1997). According to its stratigraphic position, it is equivalent to the Hooray 
sandstone of the Galilee Basin, but their lithology differs a little. It is possible to find 
coal in the bottom lower part of the Oralo Formation but not in the Hooray 
Sandstone. 
In the Surat Basin the sandstone body immediately below the Westbourne 
Formation was named the Springbok Sandstone by Power and Devine, 1968. This 
sandstone is the middle unit of the Injune Creek in the Surat Basin (Exon, 1966). The 
Walloon Coal Measures and the Birkhead Formation have been used in the Surat 
Basin as the lower part of the Injune Creek Group. Both are freshwater deposits 
consisting mainly of mudstone, siltstone and sandstone. The main difference between 
these units is the abundant coal of the Walloon Coal Measures, whereas the Birkhead 
Formation contains only minor coal (Swarbrick et al. 1973). In the Galilee Basin, 
only the Birkhead Formation has been described as the base of the Injune Creek 
Group. 
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The Bundamba Group is composed of the Precipice Sandstone, the Evergreen 
Formation (including the Boxvale Sandstone Member) and the Hutton Sandstone 
(Gray, 1975). Either the Precipice Sandstone or the Evergreen Formation are 
included in the Hutton Sandstone in this study as them were identified in less than 
20% of the wells available in different parts of the study area. Both the Precipice 
Sandstone and the Evergreen Formation are widespread throughout the Surat Basin, 
but not in the Eromanga Basin. 
 
2.4 HYDROCHEMISTRY OF COAL SEAM GAS BASINS 
 
Coal Seam Gas water has a characteristic signature consisting of proportionally 
high concentrations of sodium, bicarbonate and sometimes chloride, with low 
concentrations of calcium and magnesium, and almost no sulfate. This signature was 
recognized by van Voast (2003) by comparing six CSG basins in the US, but has also 
been recognized in New Zealand (Taulis and Mike, 2007) and in Australia (Kinnon 
et al. 2010). An important difference between the hydrochemistry of CSG water and 
groundwater from non-methane coal bearing units is that the latter water type 
typically contains substantially higher concentrations of sulfate. Typically, water 
associated with coals evolves through time by sulfate reduction, providing a more 
favourable environment to methanogens. 
Bicarbonate is produced through carbon dioxide reduction and methane 
fermentation processes that occur in deeper seams. As the bicarbonate concentration 
increases, calcium and magnesium cations precipitate out of solution. The processes 
accounting for low calcium and magnesium concentrations in CSG waters are 
mainly: a) ion exchange reactions with clays, and b) the inorganicprecipitation of 
calcite and dolomite due to reduced solubility in the presence of high bicarbonate 
concentrations (van Voast, 2003). 
While there can be substantial differences of chloride concentrations and total 
dissolved solids concentrations of CSG production waters in sedimentary basins, the 
overall chemical similarities of known CSG production waters suggest a typical 
water quality type that can be expected in future CSG developments, independent of 
formation lithology or age (van Voast, 2003). Thus, the water chemistry expected for 
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the Aramac Coal Measures and the Betts Creek Beds in the Galilee Basin should 
reflect this signature, and any divergence could be related to differences in gas 
contents or coal rank. 
 
2.5 REGIONAL HYDROGEOLOGY 
 
The hydrogeology and permeability of coal seams and adjacent units are 
critical factors affecting the productivity of coal seam gas formations, but also the 
management of these basins as groundwater systems. The recovery of gas is 
constrained by coal permeability. For example, exceptionally high gas contents do 
not necessarily guarantee high production rates if the permeability is too low. 
As noted, the Great Artesian Basin is one of the main hydrogeological features 
of Australia, and is comprised of various sedimentary basins:  Clarence-Moreton, 
Eromanga, Surat and Carpentaria basins, and parts of the Bowen and Galilee basins. 
Sedimentary, metamorphic and igneous rocks of Palaeozoic and older ages underlie 
the base of these sedimentary basins, and form an impervious hydrogeological 
basement (Habermehl, 1980; Reyenga et al. 1998; Habermehl 2001). 
The GAB is an asymmetrical basin elongated in a north-eastern direction, and 
tilted towards the south-west. Four centres of basin subsidence have been identified, 
two coinciding with the Surat and Carpentaria basins, and two within the Eromanga 
Basin, separated by the Birdsville Track Ridge, and overlying the Cooper Basin and 
the Pedirka Basin (Habermehl, 1980; Habermehl, 2001). The confined aquifers of the 
GAB are bounded by the Rewan Formation at the bottom, and the Winton Formation 
at the top, but the complete rock sequence is not present across the entire Great 
Artesian Basin (Habermehl, 1980; Habermehl, 2001). The base of the Great Artesian 
Basin and its connection with underlying units will be studied in detail in this study, 
with an emphasis on the character and connection of the Aramac Coal Measures and 
the Betts Creek Beds. Great Artesian Basin aquifers include the Clematis Group, 
Hutton, Adori and Hooray sandstones, Cadna-owie Formation and their equivalents, 
and the Mackunda and Winton Formation. The major confining beds are the Rewan 
Group, Moolayember,  Birkhead, Westbourne, Wallumbilla and Toolebuc formations 
and their equivalents, as well as the Allaru Mudstone and parts of the Mackunda and 
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Winton Formations (Habermehl, 1980; Reyenga et al. 1998; Habermehl, 2001). A 
factor to be considered, however, is to what degree is an “aquitard” impermeable. 
With regards to their potentiometric surfaces, the confined aquifers can be 
divided into two groups: one group comprises the Lower Cretaceous-Jurassic 
Sequence where the potentiometric surfaces is above the ground surface over almost 
all the basin and for this reason the groundwater bores tapping these aquifers are 
artesian bores. Although the regional potentiometric surface has dropped up to 100 m 
in some heavily developed areas, it is generally still above ground level in most parts 
of the basin. In this case the confining layers are the Wallumbilla and Toolebuc 
formations along with the Allaru Mudstone. These three units combined possess an 
average thickness of 515 m (Habermehl, 1980). The second group comprises the 
upper part of the Cretaceous Sequence (Winton and Mackunda Formations) where 
the potentiometric surface has always been below the ground surface in most parts of 
the basin. Consequently, groundwater bores tapping these aquifers are non-flowing 
artesian (subartesian) and have to be pumped (Habermehl, 1983). In this case the 
confining units are impermeable layers within the Mackunda and Winton formations, 
as these two formations shows both, aquifer and aquitard layers in them. The 
boundary between these two sequences coincides with the “C” seismic horizon 
introduced by Hoffman and Williams (1987) and is represented by the top of the 
Cadna-owie Formation. In addition, this boundary also coincides with a major 
Cretaceous transgression (Scholefield, 1989) over the entire Eromanga Basin, at 
which time the Cadna-owie Formation was deposited. 
The recharge area of the GAB occurs mainly along the eastern margins of the 
basin where the Lower Cretaceous-Jurassic aquifers crop out (Habermhel, 1980) 
along the Great Dividing Range. Environmental isotopes showed evidence of 
recharge being continuous over the time and exclusively meteoric in origin (Airey et 
al. 1979) as does groundwater dating. Based on dating, recharge is considered to be 
low and it also shows spatial variability across the GAB. 
 
2.5.1 Regional Hydrochemistry 
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Groundwaters in the Lower Cretaceous-Jurassic aquifer Sequence of the GAB 
are characterised by Na-HCO3-Cl water type through the eastern and central parts of 
the basin and typically contains 500 to 1500 mg/L total dissolved solids. This 
groundwater is of good quality and suitable for domestic, town water supply and 
stock use, although it is generally unsuitable for irrigation. The Cretaceous aquifer 
Sequence is characterised by a Na-Cl water type and has salinity and chloride 
concentrations higher than the Lower Cretaceous-Jurassic aquifer Sequence, 
although it is still acceptable as stockwater (Habermehl, 1980; Habermehl, 1983). 
Both aquifer sequences can be distinguished based on their hydrochemical 
characteristics, but the distinction between individual aquifers is less obvious 
(Muller, 1989). 
Water quality improves with depth in the Early Cretaceous-Jurassic aquifer 
Sequence, with groundwater obtained in the lower part of this sequence having better 
quality that the upper part (Habermehl, 1983). These differences in water quality can 
be seen in Figure 4.11 (section  4.5.3). In the western margin of the GAB (outside the 
study area), the characteristic groundwater type is Na-Cl where recharge from the 
west dissolves evaporate minerals (Habermehl, 1980). These are the only saline 
groundwaters in the whole GAB and where dissolution of halite and gypsum occurs. 
Cl/Br ratios of groundwater from the western margin are much greater than 1000 
demonstrating that they are derived from evaporate dissolution. Cl/Br ratios in the 
eastern and central part of the GAB are similar to those found in seawater (550-700), 
demonstrating that no dissolution of evaporates has taken place (Herczeg et al. 1991) 
and that the dissolved solids are derived primarily from rainwater. 
Major ions show different distribution patterns in the basin. The concentrations 
of calcium, magnesium and sulfate are proportionally higher near the peripheral 
recharge areas, but decrease along the groundwater flow paths (Habermehl, 1983). In 
contrast, concentrations of sodium and bicarbonate increase in concentration from 
the northeastern margins to southwestern discharge area along the regional 
groundwater flowlines (Herczeg et al. 1991). Total dissolved solids and alkalinity 
generally increase downgradient in the basin. Fluoride values in many parts of the 
basin are high, with concentrations of up to 10 mg/L or more, which can cause 
problems for domestic and stock water supplies. The high fluoride concentrations 
have been attributed to contact of groundwaters with igneous rocks (Habermehl, 
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1983). Contact with igneous rocks has also been concluded from the occurrence of 
non-radiogenic 87Sr/86Sr ratios in waters near the recharge area (Collerson et al. 
1988). 
 
2.6 THREE-DIMENSIONAL GEOLOGICAL MODELLING 
 
Three-dimensional geological modelling started as a tool designed for 
hydrocarbon industry (Chilès et al. 2004). Nowadays, thanks to advances in 
computer hardware and a wider availability of geological modelling and visualisation 
software packages, three dimensional modelling has expanded as a useful tool into 
mining industries and geological research (Xue et al. 2004). 
Modelling software can be used to store, process and display data, that later 
will be used for modelling. The most commonly used data involved in modelling are: 
geological maps and digital elevation models, structural framework of the geological 
units, borehole data, cross-sections and seismic sections (Wu et al. 2005). Wu et al. 
(2005) proposed a six step methodology to construct 3D models, which is: 1) 
integration of 2D/2.5D data, 2) supplement of cross-sections, 3) simulation of faults, 
4) definition of a template, 5) construction of horizons, and 6) representation of 
solids. Later, Raiber et al. (2012) proposed another six step methodology for 
geological model development, that includes the next steps; 1) data validation, 2) 
assignment of lithological property codes and creation of pseudologs, 3) generation 
of 3D lithological property models, 4) definitions of boundary surfaces for major 
geological units, 5) assembly of 3D geological model, and 6) property attribution of 
the 3D geological model. Both methodologies have important points in common. The 
most important are data processing and validation, construction of horizons/boundary 
surfaces, and model assembly. Data validation is a critical step, which usually 
requires utilisation of Geographic Information System (GIS) software in order to 
generate digital elevation models, and standardise projection of data. Re-
interpretation of borehole data is required as well. The final accuracy of the model 
depends on this step. 
In hydrogeology, groundwater 3D visualisation can be utilised as a tool of 
analysis and communication, and it is understandable for people without any training 
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(Voss, 1999; Cox et al. 2013). In this study previous to any hydrochemical or 
isotopic characterisation, it is necessary to know the extent, geometric relationships 
and thickness of all aquifers, aquitards and coal seams in order to study their 
hydraulic connection, and 3D geological modelling is an excellent tool to address 
this mater. 
During the present study, 3D geological modelling will be used in Paper 1 
(Chapter 3) not only to visualise and to know the distribution and extent of the 
hydrostratigraphic and coal seam units, but it will be also used to evaluate regional 
faults as potential pathways/barriers to groundwater flow. 
 
2.7 HYDROCHEMICAL CHARACTERISATION/GROUNDWATER 
CONNECTIVITY 
 
Several factors may affect the evolution of groundwater along flow paths, 
including chemistry of recharge waters, the mineralogy of the aquifer matrix, 
microbial activity, chemical processes during water-rock interaction, the input of 
elements via pollution, and mixing with water from adjacent aquifers (O’Shea and 
Jankowski, 2006). 
A common approach to interpret water chemistry data are graphical methods, 
but these are not necessarily the most effective approaches to understand spatial 
patterns. The most widely used graphic methods allowing the visual inspection of 
several water samples simultaneously are both the Piper diagrams (Piper, 1944) and 
the Schoeller semilogarithmic diagrams (Schoeller, 1955). The Piper diagram shows 
the overall chemical character of water samples. The mixing of water from different 
sources or evolution can be illustrated by this diagram (Freeze and Cherry, 1979). It 
allows to calculate mixing ratios between different water types. The Schoeller semi-
logarithmic diagram allows the major ions of many samples to be displayed on a 
simple graph, showing actual concentrations values, where it is possible to identify 
samples with similar patterns. The main limitations of these diagrams are: 
 
 it only allows to present and interpret major ions, not minor or trace 
elements or electrical conductivity; and 
 28 Chapter 2: Background and methods 
 
 it is not suitable for large data sets because is difficult to discriminate 
between separate clusters of samples or patterns (Güler et al. 2002). 
 
Others graphical methods are not considered in this study because most of 
them can only display one or few samples per diagram. Güler et al. (2002) suggest 
that using purely graphics methods to group the samples is not efficient and can 
produce biased results. In particular, GAB groundwaters are considered to be 
homogeneous and only slight differences are observed in graphical methods. 
Consequently graphical methods are disregarded in this study owing to their 
limitations for large datasets. 
Another way to identify hydrochemical patterns in large data sets with many 
variables (e.g. major ions, minor elements and physical-chemical parameters) is to 
apply suitable statistical methods such as Multivariate Statistical Analysis.  
 
2.7.1 Multivariate Statistical Analysis 
 
The two most common multivariate analysis methods used in groundwater 
studies are Hierarchical Cluster Analysis (HCA) and Principal Components Analysis 
(PCA), which have successfully been used separately or in combination. In addition 
another method sometimes used is Factor Analysis (FA) which is usually used by 
itself but is less reported in literature compared to HCA and/or PCA. In this study, 
the three methods will be combined to reduce limitations and to strengthen their 
interpretation. 
 
2.7.1.1 Hierarchical Cluster Analysis  
Cluster analysis, a form of PCA, is a good way to group samples and to study 
the possible connections between water bearing units. The hierarchical cluster 
analysis (HCA) is particularly useful; it starts by placing each object in a cluster of 
its own and then continually joins clusters together, until there is only one cluster 
consisting of all the objects (Davis, 2002; Cox, 2005). One limitation of these 
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methods is that they do not provide readily accessible information about the chemical 
composition of the samples in the clusters (Güler et al. 2002). 
In this study a two steps cluster analysis is performed. In a first instance the 
nearest neighbour linkage method is used. This method groups samples using the 
minimum dissimilarity between clusters (Timm, 2002), allowing the identification of 
outliers within the dataset (Raiber et al. 2012). After the outliers are excluded HCA 
is carried out by using the Ward’s method (also called sum of squares). In this 
method clusters are created after grouping objects based on a minimum variance 
algorithm (Ward, 1963). The HCA in this study were built using the StatGraphics 
Centurion Software. 
 
2.7.1.2 Principal Component Analysis 
Principal Component Analysis (PCA) is a mathematical technique used for 
reducing data and deciphering patterns within large datasets (Wold et al. 1987; 
Stetzenbach et al. 1999; O’Shea and Jankowski., 2006). They were designed to 
reduce the dimensionality of data to distinguish dependences within datasets (Timm, 
2002). In PCA variables are converted in theoretical composed named principal 
components (PCs) which help to study existing relationships among variables 
(Timm, 2002). 
Both HCA and PCA are not rigorously speaking statistical procedures as they 
are considered rather as a mathematical manipulation as its interpretation is used by 
utility and performance rather than by suppositional considerations (Davis, 2002). 
 
2.7.1.3 Factor Analysis 
Factor analysis (FA) is considered a purely statistical technique when 
compared to HCA and PCA (Davis, 2002). FA studies the relationship of variables 
within a dataset, where m variables reflect the partial correlations of these variables 
regarding to p uncorrelated factors (Davis, 2002). FA calculations are obtained by 
multiplying the m×p matrix of eigenvalues by a diagonal p×p matrix of the square 
root of the equivalent eigenvectors. This is usually known as R-Mode FA (Taulis, 
2007). 
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After firstly calculating FA, a factor loading matrix is obtained which reduces 
the dimensionality of the problem as factors are plotted in orthogonal axes  but the 
remaining factors still need to be further rotated to get  a better position for them 
(Davis, 2002). The most commonly used rotation technique used is the “varimax 
rotation”, defined by Kaiser (1958). In this technique the factor are moved to 
positions where the projected variables are either very close or far from the origin 
(Davis, 2002; Taulis, 2007). The result of the matrix rotation is known as factor score 
coefficients. 
The plot and interpretations of factors is more complicated than plotting PCs in 
PCA. Because of this, in this study FA will be analysed by representing the factor 
score coefficients of every computed variable for every relevant factor (when the 
eigenvalue is above 1). This way simplifies its analyses as demonstrated by Taulis 
(2007). 
In this study all multivariate methods are used in paper 2 (Chapter 4) in order 
to identify hydrochemical variations within the GAB, as well as, to identify the main 
hydrochemical processes occurring in GAB groundwaters. 
 
2.8 ISOTOPE HYDROLOGY 
 
2.8.1 Environmental Isotopes 
 
These stable isotopes applied in hydrogeology are used to determine the origin 
of water solutes, distinguish between natural or contamination sources, as well as 
different natural or anthropogenic origins (FCIHS, 2009). Another useful application 
of isotopes is the evaluation of aquifer recharge sources and recharge mechanisms, 
water residence times, and chemical processes (FCIHS, 2009). The isotopes that will 
be used in this study and their use are explained below. 
The original signature of the water is preserved in the stable isotopes of the 
water molecule (1H, 2H 16O, 18O), expressed as δ notation (δ2H and δ18O). In the 
course of “life” of groundwater, the isotopic signature may change due to different 
processes affecting the groundwater, such as evaporation, mixing and contamination. 
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There are several questions that can be answered through the use of stable isotopes. 
For example, isotopes are useful tools to constrain the source and mechanism of 
recharge and can be used to determine the climatic conditions and the altitude of the 
recharge area where the aquifer was recharged (e.g. Fryar et al. 2001). In addition, 
they can help to identify different groups of groundwaters or interactions with the 
rocks or gases that have been in contact with the water in the Earth crust 
(Kloppmann, 2003). 
A previous study of stable isotope ratios of δ2H and δ18O in the GAB has 
shown that artesian water is of meteoric in origin, because almost all of its isotopic 
values plot near the meteoric water line (Airey et al. 1979). The meteoric water line 
was introduced by Craig (1961a) and it is a convenient reference for understanding 
and tracing of local groundwater origins and movements based in the relationship 
between δ2H and δ18O, represented by the line δ2H = 8δ18O +10.  
Even though the use of δ2H and δ18O can help to identify mixing of water 
mostly in shallow groundwater systems or when they interact with surface water. It 
will not assess mixing in this study as GAB groundwater residence time are 
considerable high and depth it is also big and because of this groundwater tend to be 
relatively homogeneous within the GAB. Conversely, δ2H and δ18O will be used to 
assess possible evapotranspiration processes and in case of it can be helpful to 
difference between transpiration or evaporation. 
 
2.8.2 Carbon 13 
 
The δ13C signature of a substance is expressed as the isotopic deviation of the 
13C/12C ratio in a sample relative to the same ratio in the standard (PDB, Pee Dee 
Belemnite). Today, a substitute of the original standard is commonly used, called 
VPDB (FCIHS, 2009). Weathering reactions driven by CO2 dissolved from the soil 
in the groundwater recharge area starts the carbon cycle. The hydrochemical 
evolution in shallow groundwaters is marked by the reaction of carbonate, and 
through this way bicarbonate becomes one of the dominant anions in fresh water 
resources (Clark and Fritz, 1997). In general, δ13C is used to identify sources of 
carbon and is particularly valuable to distinguish between carbon derived from 
 32 Chapter 2: Background and methods 
 
organic matter (isotopically light) and carbon derived from carbonate minerals 
(isotopically heavy) (e.g. Clark and Fritz, 1997; Kendall and McDonnell, 1998). In 
addition, carbon isotopes are also very useful in understanding the origin of 
secondary carbonate minerals. Carbon isotopes are not used in low-temperature 
isotopic temperature determination because there is no suitable equilibrium 
fractionation in nature. In sedimentary basins containing coal or ligneous clays, 
methanogenesis results in elevated δ13C signatures in groundwater. For example, 
significantly enriched δ13C signatures of -6‰ in the GAB (Herczeg et al. 1991; 
Smith and Pallasser, 1996), and up to +34‰ overseas have been reported. For 
instance, δ13C values up to +6‰ were registered in the Alliston Aquifer in Canada 
(Aravena et al. 1995), up to +22‰ in the Antrim Shale in the Michigan Basin (USA, 
Martini et al. 1996), and up to +32.6‰ in the Elk Valley in Canada (Aravena et al. 
2003). The analysis of carbon isotopes can therefore help to identify groundwater 
that has been in contact with coal or mixing of groundwater from different aquifers. 
The stable carbon isotopic composition of dissolved inorganic carbon (DIC) 
registered in the GAB increases from the basin margins to the interior of the basin. 
DIC and alkalinity have a linear relationship, and the variation of δ13C is closely 
related to the changes in HCO3 (Calf and Habermehl, 1984; Herczeg et al. 1991). 
In the current study only δ13C will be used to constraint hydrogeological 
processes related to carbon (e.g. carbonate dissolution) and to understand possible 
differences between GAB groundwaters and groundwaters of the coal bearing units 
(e.g. Betts Creek Beds). 
 
2.8.3 Strontium isotopic ratio (87Sr/86Sr) 
 
The groundwater isotopic signatures of 87Sr/86Sr has the capacity to trace the 
origin of strontium. The isotopic signature of strontium is determined by natural 
processes (e.g. the initial rainwater isotopic signature, water-rock interactions or 
water-mass mixing). These processes result in contrasting groundwater isotopic 
signatures, which can be used to trace mixing between different water reservoirs, and 
to calculate the mixing ratios in those reservoirs (e.g. Raiber et al. 2009). 
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Additionally, it is possible to study the vertical relationships between different 
aquifers (Négrel et al. 2008; Raiber et al. 2009). 
Decay of the radioactive alkali metal 87Rb forms 87Sr, and it is related to the 
potassium geochemistry, because Rb substitutes for K in minerals (McNutt, 2000). 
Both 87Rb and 87Sr will therefore be high in K-rich rocks, resulting in a high 87Sr/86Sr 
ratio in groundwater that has interacted with these rocks. In the study area, the 
Maneroo Platform (Figure 1) is composed mainly of K-rich granitic rocks, and the 
expected high contrasts in the 87Sr/86Sr ratios of the Maneroo Platform in comparison 
to the matrix of the overlying aquifers suggest that strontium is an ideal tracer to 
identify groundwater flow paths and aquifer interactions in this area. 
In groundwater, 87Sr/86Sr ratios are usually similar to the Phanerozoic seawater 
signature (0.70923; Burke et al. 1982) and rarely differ by more than ± 0.01. There 
are only a few exceptions as brine systems or crystalline-rock aquifers (Harrington 
and Herczeg, 2003). In the GAB, unradiogenic 87Sr/86Sr ratios have been reported for 
young waters near the recharge areas, suggesting interaction between basin waters 
and relatively young (<1 Ma) mafic intrusions, whereas older waters are significantly 
more radiogenic, with 87Sr/86Sr ratios rising up to 0.7118 (Collerson et al. 1988). 
In areas of groundwaters with radiogenic 87Sr/86Sr ratios, taking into account 
the composition of the aquifer material is very important. For example, Harrington 
and Herczeg (2003) found highly radiogenic groundwater 87Sr/86Sr ratios (ranging 
from 0.72562 to 0.76248) in central Australia, the highest ever reported for 
sedimentary aquifer system, attributed to weathering of old, Rb-rich primary silicate 
minerals and pedogenic carbonates in the aquifer matrix. Groundwaters with 
87Sr/86Sr ratios as high as those registered by Harrington and Herczeg (2003) only 
have been encountered in very old crystalline-rocks that contain predominantly 
silicate rocks with high Rb/Sr ratios.  
In this study 87Sr/86Sr ratios will be compared with previous results in the GAB 
by (Collerson et al. 1988) but including also 87Sr/86Sr ratios in the Galilee Basin 
recharge area aiming to identify differences between GAB and Galilee Basin 
hydrochemical processes or mineralogy, as well as, to assess inter-aquifer mixing. 
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2.9 CHLORINE-36 
 
Chlorine-36 is a radiogenic isotope with a half-life of 3.01 ± 0.04 × 105 years. 
Because of its slow decay, chlorine-36 has a potential dating range of more than 2 
million years. It has a high electron affinity and a hydrophilic character. Chlorine-36 
is therefore an excellent natural tracer for identification of old groundwater 
reservoirs, where groundwater is flowing through hydrological systems with only 
minimal chemical interaction (Bentley et al. 1986a; Torgersen et al. 1991). 
The 36Cl concentration is controlled by the following processes: 1) Geographic 
variations in the production of atmospheric 36Cl; 2) Evapotranspiration affecting the 
Cl and 36Cl concentration in recharged groundwater; 3) Halite dissolution; 4) In situ 
formation of 36Cl; and 5) Nuclear bomb 36Cl (Mazor, 1997).  
Bentley et al. (1986b) carried out the first 36Cl study in the GAB. He analysed 
results from 28 samples tapping the Early Cretaceous-Jurassic aquifer. He found a 
smooth decrease of 36Cl/Cl in the samples away from the recharge area and then 
defined two flow lines relatively constant based on a 36Cl/Cl ratio v/s 36Cl 
concentrations plot where two 36Cl decay lines are observed. The 36Cl/Cl ratio in the 
recharge area has remained constant in time, meaning that chloride has not been 
added during transit. 36Cl groundwater ages in the GAB range from less than 100,000 
years to over 1,000,000 years. 
Torgersen et al. (1991) made a further 36Cl study in the GAB including Bentley 
samples. According to the results he characterised three groundwater groups different 
to the two flow lines of Bentley. The first group has flow lines originated in the 
eastern recharge area, in which the initial condition (36Cl/Cl = 110×10-15) used was 
the same chosen by Bentley et al. (1986b). Group 2 in the western margin of the 
basin constitutes a distinct and separate hydrological system. Group 3 is an unknown 
but young groundwater type probably recharged in the northwestern marginal border 
of the basin.  
All the isotopic techniques are used in paper 3 (Chapter 5) to address inter-
aquifer mixing within coal seam units and aquifers, as well as, between GAB 
aquifers. In addition hydrochemical processes identified in Paper 2 (Chapter 4) will 
be constrained with the isotopic interpretation. 
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Chapter 3: Three-dimensional geological 
modelling and faults assessment 
Moya, C.E., Raiber, M., Cox, M.E., 2014. Three-dimensional geological modelling 
of the Galilee and central Eromanga basins, Australia: new insights into 
aquifer/aquitard geometry and potential influence of faults on inter-connectivity. 
Journal of Hydrology: Regional Studies, 2, 119-139. 
 
Abstract 
The Galilee and Eromanga basins are located in central Queensland, Australia. 
Both basins are components of the Great Artesian Basin which host some of the most 
significant groundwater resources in Australia.  
This study evaluates the influence of regional faults on groundwater flow in an 
aquifer/aquitard interbedded succession that form one of the largest artesian basins in 
the world. In order to assess the significance of regional faults as potential barriers or 
conduits to groundwater flow, vertical displacements of the major aquifers and 
aquitards were studied at each major fault and the general hydraulic relationship of 
units that are juxtaposed by the faults were considered.   A three-dimensional (3D) 
geological model of the Galilee and Eromanga basins was developed based on 
integration of well log data, seismic surfaces, surface geology and elevation data. 
Geological structures were mapped in detail and major faults were characterised. 
Major faults that have been described in previous studies have been confirmed 
within the 3D geological model domain and a preliminary assessment of their 
hydraulic significance has been conducted. Previously unknown faults such as the 
Thomson River Fault (herein named) have also been identified in this study.  
 
Keywords 
3D geological model, Galilee/Eromanga basins, Coal seam gas, Great Artesian 
Basin, Faults, aquifer/aquitards connectivity 
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3.1 INTRODUCTION 
 
Domestic consumption of natural gas in Australia has grown constantly since 
the mid 1960’s and this trend is expected to continue in the future (Roarty, 2008). In 
recent years, with the discovery of important reserves of conventional and 
unconventional gas, production has increased rapidly and Australia is becoming a 
gas exporter for the Asian market. 
Conventional gas was previously the main form of liquefied natural gas (LNG) 
but over the last several decades this has changed with the development of new 
technologies making extraction of newly discovered unconventional gas resources 
feasible and economic. The main types of unconventional gas sources are coal seam 
gas (CSG, also known as coal bed methane), shale gas and tight gas. 
In Australia, CSG is the most exploited unconventional gas resource. During 
the last 15 years, the growth of exploration activity has been substantial, with the 
number of CSG wells drilled annually in Queensland increasing from 10 in the early 
1990’s to more than 600 in 2009-2010 (Queensland Government, 2011). Estimated 
CSG reserves in Australia now exceed conventional gas reserves (Day, 2009; RLMS, 
2009; Geoscience Australia and BREE, 2014).  
One of the areas with high CSG potential in Australia is the Galilee Basin, 
located in central Queensland (Figure 3.1). The Galilee Basin is overlain by, and in 
contact with, the Eromanga Basin, a component of the Great Artesian Basin (GAB) 
which covers approximately 22% of the Australian continent and is a significant 
groundwater resource (Ransley and Smerdon, 2012). The Galilee Basin contains 
relatively thick Permian age coal beds which have not been exploited in the past for 
gas resources due to their significant depth and the distance to the principal markets 
(Holland et al. 2008).  
In order to enable CSG production, high volumes of groundwater need to be 
extracted to reduce the hydrostatic pressure that keeps the gas adsorbed on the coal.  
There are two fundamental concerns in regard to this procedure:  (a) how will the 
brackish/saline water typically contained in coal-bearing formations (e.g. Van Voast, 
2003) be disposed of or reused at the surface, and (b) will extraction of groundwater 
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from the coal measures impact on water quality or groundwater pressures in adjacent 
artesian aquifers of the Great Artesian Basin.   
 
 
Figure 3-1: Location of the study area and 3D geological model domain in central Queensland. Datum 
GDA 1994 MGA Zone 54. 
 
Prior to the production and development of CSG resources, it is essential to 
determine the hydrogeological characteristics of a basin and its setting, and in 
particular the potential impacts that extraction of groundwater and any 
depressurisation may have on vertical connectivity between aquifers and aquitards 
(Harrison et al. 2000; Rice et al. 2002; Taulis and Mike 2007).  
An important part of this assessment is the identification of faults, their 
influence on the geometry of aquifers/aquitards and their role as potential 
connectivity pathways. Fault zones can behave as possible conduits to regional 
groundwater flow, or as barriers or both (e.g. Caine et al. 1996; Rawling et al. 2001; 
Bense and  Person, 2006).  Examples of  faults  acting as barriers have  been reported  
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Figure 3-2: Surface geology map (Geological Survey of Queensland, 2012) and exploration wells 
which form the basis for the 3D geological model, as well as the main mapped faults and main cross 
sections. Abbreviations used are:  WS, Weatherby Structure; CF, Cork Fault; DF, Dariven Fault; MM, 
Maranthona Monocline; HRS, Hulton-Rand Structure; TS, Tara Structure; SF, Stormhill Structure; 
WLS,  Westland Structure; CWF, Canaway Fault. 1, Saltern Creek 1. Datum GDA 1994 MGA Zone 
54. 
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from offshore hydrocarbon reservoirs (e.g. Bredehoeft et al. 1992; Knott et al. 1996) 
but also from onshore sedimentary basins (e.g. Bense and Van Balen, 2004). There 
are many reported examples of faults acting as conduits, which amongst other things 
can be marked by mineralisation patterns (e.g. Mozley and Goodwin, 1995; Garven 
et al. 1999), leakage of contaminated groundwater (e.g. Mal’kovskii and Pek, 2001) 
or oil migration (e.g. Moretti, 1998). In addition, examples of faults acting as both 
conduits and barriers are documented (e.g. Bense and Person, 2006). Where aquifers 
thin or abut against basement highs, this can also induce upwelling of groundwater 
and result in the formation of wetlands or springs at the surface (Raiber et al. 2009). 
The permeability of rocks can remain unchanged, or be enhanced adjacent to 
faults within an aquifer, and may decrease perpendicular to faults (Ferrill et al. 
2004). Flow barriers can, for example, result where units of contrasting hydraulic 
properties (e.g. aquifers vs. aquitards) are juxtaposed along faults. Where the impact 
of CSG exploitation on regional groundwater flow dynamics is investigated, it is 
very important to assess whether aquitards form good regional seals, or whether 
these seals are compromised by local fracturing or along regional fault systems. 
Therefore, it is important to understand how faults influence the geometry of 
aquifer/aquitards and coal seam sequences. 
In the Galilee/Eromanga basins, regional faults have been previously identified 
from seismic data, with vertical displacements recorded for sedimentary sequences in 
both basins. However, while displacement along some faults has been studied in the 
past (e.g. Cork Fault, Figure 3.2; Hawkins and Harrison, 1978; Ransley and 
Smerdon, 2012), the overall regional understanding of the influence of faults on 
aquifer geometry in these basins is at present limited.  Further, it is poorly 
understood whether the faults in the Galilee/Eromanga basins behave as conduits or 
as barriers for groundwater flow and how permeability may change across the faults.  
In this current study, we aim to develop a 3D geological model to examine 
characteristics of faulting on aquifers and aquitards in the north-central Galilee and 
Eromanga basins using well log data, seismic surfaces, surface geology and surface 
elevation data. For this purpose, the main geological structures in the area are 
mapped in detail from seismic surfaces, and an assessment is made on how they 
influence the geometric relationships of the major aquifers and aquitards, and how 
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they are spatially related to surface hydrological features. The development of this 
3D geological model is the first step of a comprehensive study that aims to 
understand any potential aquifer/aquitard connectivity pathways between the Galilee 
and Eromanga basins.   
 
3.2 GEOLOGICAL AND HYDROGEOLOGICAL BACKGROUND 
 
3.2.1 Depositional history  
 
The Galilee Basin is a Late Carboniferous to Middle Triassic sedimentary 
basin, located in central Queensland.  It extends over approximately 247,000 km2 and 
consists of two main lobes which are separated in the southwest by the Maneroo 
Platform (Figure 3.1). In the central Galilee Basin (Figure 3.1), the basin overlies the 
Devonian Adavale Basin, the Late Devonian-Early Carboniferous Drummond Basin 
and Early Palaeozoic basement (van Heeswijck, 2010). The Galilee Basin itself is 
overlain by the Jurassic-Cretaceous Eromanga Basin (Gray et al. 2002), a component 
of the GAB. The Galilee Basin can be sub-divided into northern and southern regions 
based on differences in the lithostratigraphic succession. The boundary between 
these two distinct regions is the Maneroo Platform, an area where the basement rocks 
have been uplifted (Figure 3.1; Hawkins and Green 1993; van Heeswijck, 2006). The 
main difference between both regions is that the Aramac Coal Measures and Betts 
Creek Beds (Figure 3.1) are absent in the southern part, where Permian correlatives 
are found but where coal seams are absent (Scott et al. 1995). 
 
3.2.2 Tectonic history 
 
3.2.2.1 Regional tectonism 
The structural and tectonic evolution of the Galilee and Eromanga basins has 
been studied by numerous authors (Evans and Roberts, 1979; Senior and Habermehl, 
1980; Finlayson and Leven, 1987; Hoffmann and Williams, 1987; Finlayson et al. 
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1988; Shaw, 1991; van Heeswijck, 2004, 2010), although most studies focused on 
locations outside the current area of interest. Five evolutionary stages were identified 
from the late Devonian to Triassic in central-eastern Australia in relation to tectonic 
activity, particularly during the Late Permian when sub-vertical reverse faults were 
active. During the Late Triassic, the tectonic regime changed, initiating the 
development of the GAB formations (Evans and Roberts, 1979). Several faults have 
been identified and mapped in the central part of the Eromanga Basin (south of the 
Maneroo Platform) above an Upper Devonian unconformity identified by seismic 
data; with the Canaway Fault (Figure 3.2) representing the major structural feature 
(Finlayson and Leven, 1987; Finlayson et al. 1988). Extension, contraction, thrusting 
and folding occurred in eastern Australia during the Early Permian to the mid-
Cretaceous and extended from the Anakie Block in the north to the Sydney Basin in 
the south.  These movements were a result of the development of two periods of 
foreland basin systems development from the Early Permian to mid-Cretaceous in 
eastern Australia (Elliott, 1993).   
 
3.2.2.2 Regional structures in the Galilee and Eromanga basins 
Some regional structures have been defined in the study area (Figure 3.2). The 
Cork Fault and Weatherby Structure, which trend north-northeast, are located in the 
western section of the area in the Lovelle Depression and represent re-activated 
basement faults (Murray and Kirkegaard, 1978). Movement on the Cork Fault has 
caused vertical displacement in the Permian, Triassic and Jurassic formations of up 
to 420 m (Ransley and Smerdon, 2012).  Other important structures (mostly re-
activated basement reverse faults) can be recognised in the eastern part of the area. 
These include the Hulton-Rand Structure and Tara Structure, which trend northwest 
and northeast, respectively (Figure 3.2). Vertical movement on these structures 
occurred during the Palaeozoic and Mesozoic, syn-depositional with the 
sedimentation of the Galilee and Eromanga basins (Vine et al. 1965). At the Maneroo 
Platform, two major faults were recognised (Westland Structure and Stormhill Fault). 
Both structures trend northerly and vertical displacements of up to 300 m have been 
registered according to Vine et al. (1965) but displacement was later amended to 640 
m by Ransley and Smerdon, (2012). The differences in the displacement registered in 
these structures are discussed in Section 4.1.2. The Dariven Fault and Maranthona 
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Monocline (van Heeswijck, 2010) are also recognised in the area to the east of the 
Hulton-Rand Structure, but there is little information about relative movement. 
During the deposition of the Eromanga Basin, this area was tectonically inactive and 
the faulting, folding and uplift of the basin units is considered to be post-
depositional. Uplift was recorded in the eastern part of basin, including uplift of the 
Koburra Trough, with associated erosion leaving the Galilee Basin exposed in this 
area (Shaw, 1991). In the current study, the faults classified as regional structures 
cross the entire stratigraphic sequence from the basement to the surface. In addition, 
there is also another type of fault, classified as local faults that cross only part of the 
stratigraphic sequence and are not visible at the surface. 
 
3.2.3. Hydrogeology 
 
The GAB is one of the major hydrogeological features of Australia, and is 
comprised of the sedimentary Clarence-Moreton, Eromanga, Surat and Carpentaria 
basins, and parts of the Bowen and Galilee basins. The confined aquifers of the GAB 
are bounded by the Rewan Formation at the base, and the Winton Formation at the 
top (Figure 3.3), but the complete rock sequence is not present across the entire GAB 
(Habermehl, 1980; Habermehl, 2001). GAB aquifers in the study area include: the 
Clematis Group, Hutton, Adori and Hooray sandstones, Cadna-owie Formation (and 
their equivalents), the Mackunda and Winton formations (Figure 3.3).  
The major confining beds in the study area are the Rewan Group, 
Moolayember, Birkhead, Westbourne, Wallumbilla and Toolebuc formations and 
their equivalents, as well as the Allaru Mudstone and parts of the Mackunda and 
Winton formations (Habermehl, 1980; Reyenga et al. 1998; Habermehl, 2001; Figure 
3.3).  
The confined aquifers can be divided into two groups based on their 
potentiometric surfaces:  
 
1) Lower Cretaceous-Jurassic Sequence, also known as the artesian group; and 
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2) Upper part of the Cretaceous Sequence (Winton and Mackunda formations), 
also known as the sub-artesian group (Habermehl, 1983; Ransley and Smerdon, 
2012). 
 
 
Figure 3-3: On the left, hydrostratigraphy of the Galilee and Eromanga basins in the study area. Note: 
the marker (*) highlights key units within the study. On the right, gamma ray log of the Saltern Creek 
1 borehole including old stratigraphic names used in the Well Completion Report (Mott and 
Associates, 1964) and how they correlate with the actual stratigraphy. Winton Formation, Triassic 
units and Lake Galilee Sandstone absent in the well. 
 
Groundwater flow directions throughout the GAB are variable, with major 
flow towards the south and southwest, but in the northern GAB locally towards the 
west and north (Habermehl, 1983). In the area of the 3D geological model domain of 
this study, groundwater flow is largely towards the west based on the potentiometric 
map of the Hooray Sandstone and Cadna-owie Formation (Radke et al. 2000). 
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3.3 METHODOLOGY 
 
This current study develops a 3D geological/hydrogeological model using 
GoCAD   software   (Paradigm   Geophysical   Pty   Ltd,   version   2009.3),   and 
incorporating lithological and stratigraphic data from exploration wells, seismic 
surfaces, digital elevation models (DEM) and surface geology. The model domain 
covers an area of 215 x 285 km (Figure 3.1) in the central part of the Galilee Basin. 
The selection of the boundaries of the model domain is guided by data availability, 
i.e. areas where seismic surfaces are available (they do not extend beyond the 
northern limit of the chosen model domain). In addition, the model domain is 
restricted to the central-northern part of the Galilee Basin as the southern part of the 
basin is not expected to hold exploitable or economic amounts of CSG due to the 
indicated absence of coal seams in the Aramac Coal Measures and Betts Creek Beds 
correlatives. Following are details of the parameters incorporated into the model. All 
the data sources used during the model development are listed in Table 3.1. 
 
Table 3-1: Input data used during the 3D geological model development. 
DATA SOURCE NOTES
Elevation Geoscience Australia GEODATA 9 Second DEM version 
3
Geology Geological Survey of Queensland Geological Map of Queensland 
(2012), scale 1:2,000,000
Aramac Coal Measures
Betts Creek Beds
Basement
Cadna-owie Formation
Toolebuc Formation
Well Logs
Queensland Digital Exploration 
Reports System 124 Exploration wells
Seismic 
Surfaces
Exoma Energy Ltd.
Geological Survey of Queensland
 
 
3.3.1 Model Development Workflow 
 
3.3.1.1 Data Validation  
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This process is a key step in any geological model because the confidence of 
the final model relies on it. Well log data were verified in order to standardise 
stratigraphic unit names. This process involved the revision of the wire-line data and 
lithology of every well in order to identify appropriate stratigraphic units. The 
stratigraphy and wire-line log characteristics of the Palaeozoic formations within the 
Galilee Basin used during the revisions were defined by Gray and Swarbrick (1975), 
and for the Triassic formations by Green et al. (1997). In the Eromanga Basin, wire-
line log characteristics were defined by Gray et al. (2002). The stratigraphic unit 
names used here correspond with those currently formally recognised by Geoscience 
Australia (Geoscience Australia and Australian Stratigraphy Commission, 2014). 
Many old groundwater bores were logged before the current stratigraphic 
classification of units for both basins existed. An extensive data quality check was 
carried out on lithological and stratigraphic logs for these drillholes prior to the 
commencement of the modelling process. An example of this is the exploration well 
Saltern Creek 1 (Figure 3.2), where 14 of 16 logged units were modified during the 
present study (Figure 3.3). Logs in this well had been defined by Mott and 
Associates (1964), according to old stratigraphic names or names belonging to 
neighbour basins (Cooper, Bowen and Surat basins). Groundwater bores from the 
DNRM database were not incorporated in this study because of the lack of reliable 
stratigraphic information. For example, although more than 1600 bores are registered 
in the DNRM groundwater database (DNRM, 2012) within the 3D geological model 
domain, less than the 10% of these have available stratigraphic information. In 
addition, the data quality of these remaining 10% is often poor, or the stratigraphic 
data of these bores are already contained in the QDEX database, as many of the 
groundwater bores are old exploration wells registered in QDEX that were later 
converted to groundwater bores. 
The accuracy of the five seismic surfaces was evaluated by comparison with 
the formation tops in well logs. In most cases, the surfaces matched with the top of 
the corresponding stratigraphic unit recorded by the well completion reports, and 
there are only several small areas where the reliability of the surfaces is questionable 
(Section 4.3). 
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3.3.1.2 Assignment of stratigraphic codes  
In a deep sedimentary basin, the number of stratigraphic units can be 
substantial. The database for this study was arranged with regards to stratigraphic 
names rather than lithological descriptions. This was done both because of the model 
extent and for hydrogeological purposes, as this model forms part of the large GAB 
system. In this current 3D geological model, there are 19 stratigraphic units, of which 
eight are part of the Galilee Basin, and 10 belong to the Eromanga Basin. Due to the 
complex nature of the basement that cannot be adequately resolved based on the 
available data, the basement has been combined as an undifferentiated basement 
layer.  
 
3.3.1.3 Definition of boundary surface control points  
Due to the low density of well logs within the model domain (124 wells in an 
area of 61,275 km2), it is not possible to build a 3D geological model exclusively 
based on well logs. To overcome this limitation, control points or “dummy points” 
(Pawlowsky et al. 1993) were added for each stratigraphic unit as required. In order 
to base the creation of control points on a realistic geological understanding, 23 cross 
sections (planes) were constructed. These cross sections were designed in an 
orthogonal network and perpendicular to the major geological structures known in 
the area, similar to the procedure described by Royse (2010). In each cross section, a 
new curve was digitised for each stratigraphic unit, using the loaded input data as 
constraints and incorporating geological knowledge. Following this, the curves for 
each stratigraphic unit were grouped together for the development of bounding 
surfaces (i.e. formation tops). 
In each cross section, well logs and seismic surfaces were loaded and a 
digitalisation process was carried out, which assessed the distribution of each 
stratigraphic unit from the base (Basement) to the top (Mackunda-Winton 
formations), as well as the distribution of the main structures.  
In addition to the creation of control points from the 23 cross sections, these 
sections were also used to constrain regional faults. In this case, control points were 
created on opposite sides of faults highlighting the displacement observed in the 
seismic surfaces.  
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3.3.1.4 Definition of boundary surfaces for each stratigraphic unit 
In order to generate the 3D geological model, it is only necessary to develop a 
surface for the top of each stratigraphic unit, as the base of each unit is represented 
by the top of the underlying unit (e.g. Raiber et al. 2012). Once all the dummy points 
were created, stratigraphic surfaces were developed from the formation picks (where 
formation tops were intersected in wells) and the additional control points derived 
from the cross-sections using GoCAD’s Discrete Smooth Interpolation (DSI) 
algorithm. Prior to the interpolation, formation picks were specified as constraints to 
ensure that the surfaces honour these picks. 
 
3.3.1.5 Assembly of the 3D model 
Once all the surfaces are generated, the creation of each stratigraphic unit 
included in the 3D volumetric model commenced. Each model layer is constrained 
by its formation top surface and the top of the underlying unit. Even though the main 
structures were constrained using seismic surfaces, a more detailed structural fault-
block modelling was not carried out during this study. 
 
3.3.1.6 Assessment of faults offset and influence on hydraulic character of faults 
Some cross sections were constructed intersecting faults nearly perpendicular 
to where the largest fault displacement was observed in the seismic surfaces in each 
regional fault. From these cross sections a comparison of aquifers/aquitards was 
made on both sides of the faults, calculating the percentage of permeable units 
interfacing either permeable or impermeable units on the opposite side of the faults. 
This is a simple approach to assess the hydraulic character of faults. 
 
3.4 RESULTS AND DISCUSSION 
 
The 3D geological model of the Galilee Basin and the central part of the 
Eromanga Basin was developed to assess the overall aquifer/aquitard geometry and 
the importance of structural features within the study area.  A series of 23 cross 
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sections was produced, and four of these (CS 04, CS 19, CS 20 and CS 23) are 
selected to highlight some key results of the model (Figure 3.4), notably the 
thickness of the various formations, and their stratigraphic and geometric 
relationships relative to each other, particularly where they are adjacent to faults. 
Cross Section 04 (Figure 3.4a) shows the displacement of the Eromanga Basin 
units along the Hulton-Rand Structure and the abutment of the Galilee Basin against 
the same structure. Cross Section 19 (Figure 3.4b) shows a similar scenario to Cross 
Section 04 for the Tara Structure instead of the Hulton-Rand Structure, but also 
highlights the displacement of the Eromanga Basin units through the Dariven Fault 
and displacement along the Cork Fault. However, the displacement along the Cork 
Fault could not be properly constrained as explained in section 4.1.2. Cross Section 
20 (Figure 3.4c) shows an area where regional faults are not identified but where the 
Galilee Basin was continuous. Lastly, Cross Section 23 (Figure 3.4d) shows an area, 
where the Galilee Basin is nearly absent and the Stormhill Fault and Westland 
Structure are identified. Additionally two newly defined faults (Thomson River and 
Lochern faults) are identified, which are likely to play a relevant role on groundwater 
movement. 
 
3.4.1 Major faulting in the Galilee and Eromanga basins 
 
3.4.1.1 Timing of fault movement 
Due to the sparseness of wells, the identification of structures and their 
influence on geometric relationships between the stratigraphic units is based 
primarily on the seismic surfaces.  Although structures can be easily recognised in 
these seismic surfaces (Figure 3.5), it is difficult to determine the timing of 
movement for particular faults. However, through the assessment of vertical fault 
displacement of different units within the stratigraphic sequence, the understanding 
on the timing of regional fault movement can be refined (Figure 3.5). For example, 
multiple periods of fault movements were identified for some structures (e.g. Tara 
Structure). Regional fault systems, considered to be reactivated basement faults, have 
also  been  identified  in  all  seismic  surfaces  in  different  areas  within  the  model  
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Figure 3-4: Selected cross sections from GoCAD model showing the distribution of units and regional 
faults. A) Cross Section 04 (SW-NE); B) Cross Section 19 (NW-SE); C) Cross Section 20; D) Cross 
Section 23 (W-E). Abbreviations used are: BCB, Betts Creek Beds; ACM, Aramac Coal Measures; 
Fm, Formation; Sst, Sandstone; Gp, Group; Md, Mudstone. Vertical exaggeration 40x. 
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domain. In addition to the major regional fault systems, this study has also identified 
several local faults. These, local faults were observed in only one or two seismic 
surfaces and predated the Triassic. 
Evans and Roberts (1979) studied many seismic sections within and near the 
model domain, identifying frequent reverse faulting during the Permian. Much of this 
previously described fault activity occurred between the deposition of the Aramac 
Coal Measures (Early Permian) and the Betts Creek Beds (Late Permian). This is 
suggested by faulting that can be observed in the Aramac Coal Measures seismic 
surface but is not visible in the Betts Creek Beds seismic surface (Figure 3.5).  
 
 
Figure 3-5: Faults identified on seismic surfaces relative to 3D geological model domain and Galilee 
Basin limit. Abbreviations used are: DF, Dariven Fault; MM, Marathona Monocline; HRS, Hulton-
Rand Structure; TS, Tara Structure; WLS, Westland Structure; SF, Stormhill Fault; TRF, Thomson 
River Fault; LF, Lochern Fault. 
 
The first episode of tectonic activity in the area occurred prior to the deposition 
of the Galilee Basin units, as suggested by the significant uplift of the Maneroo 
Platform, controlled by the Hulton-Rand and Tara Structures (Figures 3.4a and 3.4b). 
Tectonic activity after the deposition of the Aramac Coal Measures decreased 
significantly, and many of the Early Permian faults appear to be absent in the Betts 
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Creek Beds. Furthermore, most of the faults identified in the Betts Creek Beds are 
not evident in the Cadna-owie seismic surface (Figure 3.5), with the exception of 
some regional faults (e.g. Hulton-Rand Structure, Tara Structure, Dariven Fault and 
Maranthona Monocline), which are restricted to the northern part of the model 
domain. Early Permian activity is unknown in the Maneroo Platform area as the 
Galilee Basin sequences are absent there (Figure 3.6). 
Another period of tectonic activity occurred between the deposition of the 
Cadna-owie and Toolebuc formations (both Early Cretaceous), as many faults 
observed in the Cadna-owie Formation are not observed in the Toolebuc Formation 
(Figure 3.5). In addition, most of the faults that impacted on these Eromanga Basin 
units are restricted to the southern part of the model domain and Early Cretaceous 
faulting was not observed where the Galilee Basin is present. The Corfield Fault is 
recognised as the only Early Cretaceous fault in the units of the Galilee and 
Eromanga basins within the model domain. 
 
 
Figure 3-6: Three-dimensional geological model showing the extent and thickness of the geological 
units of the Galilee Basin upwards to the uppermost formation which underlies the Eromanga Basin 
(produced in GoCAD and viewed towards the west). The elevated Maneroo Platform is shown in red. 
Vertical exaggeration is 40x. 
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A last episode of recognizable tectonic activity observed at regional fault 
systems occurred after the deposition of the Toolebuc Formation. Many of the 
regional faults have been mapped at the surface by the Geological Survey of 
Queensland (2012), indicating that an episode of tectonic activity occurred after the 
deposition of the entire Eromanga Basin sedimentary succession. 
 
3.4.1.2 Influence of regional structures on aquifer/aquitard geometry 
The Tara Structure vertically displaces the Hutton Sandstone by 265 m (Figure 
3.4b), with a considerable variation of thickness on the opposing sides of the fault 
(125 m on the eastern side and only 25 m on the western side). A possible 
explanation for this is that the reactivation of the fault occurred during the deposition 
of the Hutton Sandstone, causing erosion of the unit and restricting the sedimentary 
supply on the western side of the fault, while the deposition may have been 
continuous and unaffected on the eastern side. The 3D geological model (Figure 3.7) 
shows that the other lower units of the Eromanga Basin (from the Birkhead to the 
Cadna-owie formations) are also thicker on the eastern side of the fault than to the 
west. In these units, the differences in thicknesses vary from 10 to 50 m. This could 
also be caused by reactivation of this fault during the deposition of these units, 
indicating that the Tara Structure was probably active during the Jurassic.   
The Hulton-Rand Structure shows the largest vertical displacement of the 
basement (1350 m; Figure 3.4a) in the model domain. The Jochmus Formation is the 
only Galilee Basin unit present on both side of this fault (Figure 3.4a), although at a 
much smaller thickness in the southern part. The large difference in thickness may be 
due to erosion of the elevated block, leading to removal of parts of the Jochmus 
Formation, and possibly also eroding the Aramac Coal Measures. This erosion may 
be related to an episode of uplift and non-deposition described by Evans (1979), and 
it likely predates the deposition of the Betts Creek Beds.  
The Hulton-Rand Structure (Figure 3.4a) displaces the Hutton Sandstone by 
340 m, and both the Hooray Sandstone and Cadna-owie Formation by approximately 
330 m. The thicknesses of these aquifers on both sides of this fault are relatively 
similar and they all abut against the basement in the direction of groundwater flow. 
The Aramac Coal Measures and Betts Creek Beds are both truncated against the 
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Hulton-Rand Structure. The features of the model in the upper part of the Hulton-
Rand Structure are not confirmed as the fault is not clearly seen in the seismic 
surfaces (Cadna-owie and Toolebuc; Figure 3.5), although vertical displacement of 
the units in well log data are observed.  
The Cork Fault has not been assessed in detail. Even though it is observed in 
Cross Section 19 (Figure 3.4b), it was not included within the 3D geological model 
domain because the activity and the displacement associated with this fault (420 m; 
Ransley and Smerdon, 2012) could not be constrained using seismic surfaces, as the 
fault is outside the extent of these surfaces (Figure 3.5). It was only constrained using 
well log data which are very limited in the Lovelle Depression and the confidence is 
therefore limited. 
The Dariven Fault and Maranthona Structure can also potentially play an 
important role in groundwater movement as they are both regional faults. These 
faults are also orientated parallel to each other (approximately 15-16 km apart), 
forming a local horst that was active until the Early Cretaceous. Even though both 
faults are documented on surface geological maps, the Maranthona Monocline was 
not continuously recognised during this study on the Toolebuc seismic surface, 
suggesting that it may not extend to the surface. In contrast, it is present in the rest of 
the sequence from the basement to the Cadna-owie Formation (Figure 3.5), and it has 
influenced the geometry of all Jurassic aquifers of the GAB. The Dariven Fault is 
recognisable on all seismic surfaces (Figure 3.5), and it is also mapped at the surface, 
and therefore of significance to the entire stratigraphic sequence. The displacement 
along this fault is larger in the lower seismic surfaces than in the upper surfaces, 
indicating different episodes of fault movement. The largest displacements 
associated with these faults were observed where they intersect Cross Section 07 
(Figure 3.2), with displacements of up to 120 m in the Dariven Fault and 160 m in 
the Maranthona Structure recorded.  
In the Maneroo Platform area (Figure 3.1), the Stormhill Fault and Westland 
Structure are the only regional structures previously mapped but additional structures 
were identified in this study (Figure 3.4d). The maximum displacements of 300 m 
identified during the present study along these structures are consistent with those 
defined by Vine et al. (1965). However, the Stormhill Fault extends further than 
suggested by previous surface geological mapping. Two additional regional faults 
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have been identified in this study, to the west of the Stormhill Fault. These two faults 
are not visible at the surface as they are covered by sediments deposited by the 
Thomson River (Figure 3.2), but they are clearly visible on the Cadna-owie seismic 
surface and are herein named the Thomson River Fault and Lochern Fault (Figure 
3.5). The Thomson River Fault has a greater regional influence than the other faults 
near the Maneroo Platform, as documented by vertical displacements up to 650 m on 
Cross Section 23 (Figure 3.4d), while the Lochern Fault shows displacements of up 
to 200 m. The displacement observed along the Thomson River Fault is consistent 
with the one observed by Ransley and Smerdon (2012) at the Stormhill Fault.  
 
 
Figure 3-7: Three-dimensional geological model of the geological units of the Eromanga Basin from 
lowest formation (overlying the Galilee Basin) upwards to the Cretaceous Allaru Mudstone (produced 
using GoCAD and viewing direction towards the west). Vertical exaggeration is 40x. 
 
3.4.1.3 Local Faults 
Most local faults intersect a limited number of stratigraphic units and 
displacements are usually smaller compared to regional faults. Local faults related to 
the period of seismic activity during the Early Permian do not appear to affect any 
GAB aquifers.  Considering this, their influence on hydraulic connectivity between 
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aquifers or aquitards, as well as on gas migration, is probably limited as they only 
intersect the Aramac Coal Measures and not the Betts Creek Beds (Figure 3.5). 
However, local faults related to the period of seismic activity during the Early 
Cretaceous resulted in displacement of the GAB aquifers. These structures could 
therefore be important as conduits or barriers to groundwater flow, but will not have 
any influence on gas migration as they are located in areas where the coal seam 
bearing units are generally absent (with the exception of the Corfield Fault). 
Movement in all the units displaced by the Corfield Fault is uniform (approximately 
50 m), as is the thickness of the stratigraphic units on the opposite sides of the fault 
(Figure 3.4d), indicating that the movement probably occurred during a single 
displacement episode. Along the Corfield Fault, aquifers are juxtaposed mostly 
against aquitards on the opposing side of the fault. For example, the Clematis Group 
is juxtaposed against the Moolayember Group and the lower Hutton Sandstone, 
whereas the upper Hutton Sandstone is largely displaced against the Birkhead 
Formation (shown in Figure 3.4c). The Hooray Sandstone and Cadna-owie 
Formation are juxtaposed against the Wallumbilla Formation.  
 
3.4.2 Potential hydraulic pathways in the Galilee and Eromanga basins  
 
Faults can form important pathways for inter-aquifer, aquifer/aquitard 
connectivity or for groundwater discharge to the surface, which can be marked by the 
presence of wetlands or springs. For example, where aquifers are juxtaposed against 
low permeability strata on opposing sides of a fault, this may induce inter-aquifer 
connectivity or upwards discharge of groundwater to the surface. In addition, 
geometric characteristics of aquifers/aquitards such as abutments against basement 
highs can also have a significant influence on aquifer/aquitard connectivity. In order 
to consider some of the potential hydraulic pathways within the model domain, a 
conceptual hydrostratigraphic model was developed based on the 3D geological 
model (Figure 3.8), where several examples of potential connectivity pathways are 
highlighted:  
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3.4.2.1 Aquifer compartmentalisation 
Figure 3.8 shows that there is likely to be a high level of aquifer 
compartmentalisation in the sense of Mohamed and Worden (2006), who described 
compartmentalisation as the degree of subdivision within an aquifer which controls 
how different parts of an aquifer are connected. In this study compartmentalisation is 
likely to influence groundwater flow and the hydraulic connection between 
aquifers/aquitards. In addition, it can also be an important control on potential 
groundwater flow paths both laterally and to the surface. Movement along all 
regional faults (e.g. Hulton-Rand and Tara Structures, Stormhill, Lochern and 
Thomson River faults) in the hydrostratigraphic conceptual model (Figure 3.8) 
resulted in a very substantial vertical displacement of  the aquifers (in blue), and 
potentially causing a significant compartmentalisation and disconnection of the 
aquifers on opposing sides of the faults. 
 
3.4.2.2 Juxtaposition of aquifers and aquitards 
There are some indications that the Thomson River Fault may act as a barrier 
to horizontal groundwater flow, but forms a conduit to vertical flow to the surface. 
Figure 3.8 shows that both the Hutton Sandstone and the Hooray Sandstone (both 
major aquifers) are juxtaposed against aquitards along the Thomson River and the 
Stormhill faults. More specifically, all aquifers (blue) are juxtaposed against 
aquitards (brown) along the Thomson River Fault, with 71% of the entire aquifer 
thickness juxtaposed against aquitards by the Stormhill Fault (Figure 3.4d).  Ransley 
and Smerdon (2012) previously suggested that there are vertical displacements of up 
to 640 m associated with the Stormhill Fault and Westland Structure (Figure 3.8). In 
the present study, a similar vertical displacement (650 m) is recorded for the 
Thomson River Fault, which is located 25 km further to the west of the Stormhill 
Fault in an area that lies immediately below the Thomson River sediments. 
Interestingly, Ransley and Smerdon (2012) also suggested that the stream flow 
volume increases in a downstream direction in the area where these faults are 
located. Hydrograph data from the Stream Gauging Station Network of the 
Department of Natural Resources and Mining (DNRM, 2014) confirm that there is an 
increase of streamflow from Longreach to Stonehenge (Figure 3.1 and Figure 3.8). 
At Longreach, a mean monthly streamflow of 3368 ML was recorded between  1969 
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to 2013, compared to a mean monthly  streamflow (measured from 1963 to 2013) of 
6547 ML approximately 150 km downstream at Stonehenge (Figure 3.1 and Figure 
3.8). There is only one tributary that contributes flow to the Thomson River between 
these two gauging stations and where streamflow data are available (Darr River, with 
a mean monthly stream flow volume of only 136 ML, measured from 1969 to 2013; 
Figure 3.8). There are multiple other minor streams joining the Thomson River 
between Longreach and Stonehenge. However, no streamflow data have been 
recorded for them and it is expected that their flow volume is relatively small and 
closer to the one of the Darr River than to the Thomson River based on their 
geomorphology characteristics. More than 3000 ML of monthly baseflow are added 
between Longreach and Stonehenge, and in the absence of any significant tributaries, 
this appears to be at least in part related to upwards discharge along the fault. New 
data by Jarihani et al. (2015) indicates that the flow increase between Longreach and 
Stonehenge (Figure 3.8) may be accounted by water being added by all the ungauged 
tributaries of the Thomson River between these two gauge stations. 
Other possible contributors of this observed increase in stream flow require 
further investigation. For example, it is important to assess if groundwater discharges 
from the Thomson River alluvium associated with elevated groundwater levels 
following flood events. Due to the ungauged streams joining the Thomson River and 
the lack of knowledge of the hydraulic link of the alluvial aquifer and the river, a 
comprehensive water budget of the Thomson River catchment would help to quantify 
the amount of groundwater that may be vertically transmitted by the Thomson River 
Fault. Additionally, monitoring of the water table in groundwater bores may help to 
clarify the gaining or losing character of the river near the fault zone in order to 
better constrain the hydraulic behaviour of the fault. 
In the Maranthona Monocline, the Clematis Group and Hutton Sandstone are 
juxtaposed against the impermeable basement, and the Hooray Sandstone and Cadna-
owie Formation are partly juxtaposed against aquitards. As a result of the fault 
movement, the aquifers are juxtaposed along 76% of their entire thickness against 
aquitards on the opposite (down-gradient) side of faults at the Maranthona 
Monocline. Along the Dariven Fault, the Hutton Sandstone, the Hooray Sandstone 
and the Cadna-owie Formation are partially juxtaposed against aquitards. For 
example, along the Dariven Fault, 71% of the entire thickness of aquifers are 
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displaced against impermeable units on opposite sides of the fault. Hence, the 
Marathona Monocline and the Dariven Fault are more likely to behave as barriers to 
horizontal groundwater flow. 
 
 
Figure 3-8: Three-dimensional conceptual model of potential hydraulic connectivity pathways in the 
Galilee/Eromanga basins, and spatial relationship to Thomson River. 
 
3.4.2.3 Inter-aquifer connectivity 
Understanding the role of faults on hydraulic connectivity between aquifers is 
very important for groundwater management. For example, where different aquifers 
are juxtaposed across a fault, this fault displacement can result in preferential 
pathways for hydraulic connectivity between different aquifers.  
Within the study area, the entire Hutton Sandstone (approximately 90 m thick) 
and the Hooray Sandstone interface due to vertical displacement along the Stormhill 
Fault (Figure 3.8). A similar situation exists at the Lochern Fault, where all the main 
aquifers partially interface other aquifers on the opposite side of the fault (with 50% 
of the entire aquifer thickness interfacing other aquifers on the down-gradient side of 
the fault). This suggests that there are likely to be interactions between different 
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aquifers at the Lochern Fault and that these aquifers (i.e. the Hutton Sandstone/Adori 
and Hooray sandstones, Adori Sandstone/Hooray Sandstone and Hooray 
Sandstone/Cadna-owie Formation) may form one connected groundwater flow 
system.  Another example where two different aquifers may be connected occurs 
across a fault occurs at the Tara Structure where the Cadna-owie Formation aquifer 
interfaces the Hutton Sandstone aquifer (Figure 3.8). In this case, groundwater flow 
may be continuous from the Cadna-owie Formation into the Hutton Sandstone 
whereas it is likely to be impeded in the overlying aquifers (on the western side of 
the fault).  
Apart from the geometry and hydraulic properties of the aquifers, the nature of 
connectivity across the fault also depends on the width and permeability/mineralogy 
of the fault zone. However, there are no data available on the fault zone 
characteristics in the model domain as no exploration wells intersect any faults.  
 
3.4.2.4 Abutment of aquifers against basement barriers 
Possibly the most significant barrier to groundwater flow in aquifers shown on 
Figure 3.8 is the Maneroo Platform (e.g. on the northern side of the Hulton-Rand 
Structure). The general groundwater flow direction is towards the west in this area, 
and the most important GAB aquifers are juxtaposed against the basement (which is 
displaced by 740 m).  This relationship causes a potential barrier to groundwater 
flow due to the low permeability of the basement in the lower part of the Tara 
Structure, which is likely to result in flow to the surface or induce inter-aquifer 
connectivity. In this area, the Cadna-owie Formation is the only Jurassic aquifer of 
the GAB that is not abutted against the basement (it is offset against the Hutton 
Sandstone and the lower Birkhead Formation). As a result, there could be a local 
continuity of groundwater flow across these significant aquifers. However, as the 
Cadna-owie Formation is the thinnest of the GAB aquifers that are utilised for 
groundwater extraction and its thickness represents only 8 % of composite thickness 
of all aquifers along the Tara structure (Figure 3.4b), the volume of flow in the 
Cadna-owie Formation is probably relatively small in comparison to the other 
aquifers. In this case, the Tara Structure could behave mostly as an impermeable 
barrier to horizontal groundwater flow throughout most of its extent. The Hulton-
Rand Structure may behave as a barrier to groundwater flow as well, as all aquifers 
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about over their entire thickness against the impermeable basement (Cross Section 4, 
Figure 3.4a). 
 
3.4.3 Implication for groundwater management and future work 
 
In groundwater numerical models developed for groundwater management 
purposes, faults are often not represented and the geometry of aquifers/aquitards is 
typically over-simplified or generalised, even though these are important factors and 
can potentially have a strong influence on groundwater flow and hydraulic 
connectivity between aquifers and between aquifers and aquitards.  This study 
highlights some possible controls of the major faults as potential connectivity 
pathways between aquifers and aquitards or for groundwater flow to the surface, and 
it also provides new insights into the geometry of aquifer and aquitards in the Galilee 
and Eromanga basins. Because of their significance, faults should be considered in 
numerical models where sufficient data and knowledge exists.  However, while 
mapping of faults and studying the influence of faults on aquifer/aquitard geometry 
are very important, a dedicated observation network with nested bores sites is 
required to confirm whether faults form barriers or pathways for groundwater flow. 
In addition, a detailed assessment of fault zones and their properties is required to 
characterise the hydraulic properties of the fault zone. Future work in the Galilee and 
Eromanga basins could, for example involve the application of petrophysical 
techniques (e.g. determination of the shale-gouge ratio; Yielding et al. 1997) to better 
understand the hydraulic properties of each fault and inform any future numerical 
modelling projects.  
 
3.4.4 Limitations  
 
Three-dimensional geological models are usually developed using different 
data sources with often inherent uncertainties, and several factors commonly 
contribute to possible inaccuracies of the 3D geological models (e.g. Mann 1993; 
Davis, 2002). Many authors (e.g. Mann, 1993; Bárdossy and Fanor, 2001; Davis, 
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2002; Tacher et al. 2006; Lelliot et al. 2009; Zhu and Zhuanj, 2010; Raiber et al. 
2012) commonly identified four major sources of uncertainty: (1) data density, (2) 
data quality, (3) geological complexity, and (4) geological interpretations and 
conceptual uncertainties.  
Two zones of low confidence have been identified in the current 3D geological 
model. One is located near the northern corner of the model domain (Figure 3.9a), 
where only limited well control exists (Figure 3.2).  Here, the low reliability of the 
Aramac Coal Measures seismic surface is demonstrated by discrepancies of the well 
log data and the seismic surface. This seismic surface only partially covers this area, 
and where it can be found, it partially intersects the Basement seismic surface 
(Figure 3.9b). The Aramac Coal Measures is considered to be less reliable than the 
Basement surface, which, however, is also constrained by only two wells in this area 
(Cairnhope 1 and Wairoa 1, approximately 98 km apart). In addition, palynological 
assessment of the sedimentary sequences in these wells failed to identify the Aramac 
Coal Measures, suggesting that it is absent (Nugent et al. 1989).  The low reliability 
of layers in this area relates only to the Galilee Basin, as the seismic surfaces of the 
Eromanga Basin appear to be of better quality (the Cadna-owie and Toolebuc 
seismic surfaces match the formation tops in both wells).  
The second area of low confidence is located in the eastern part of the model 
domain (Figure 3.9c), where seismic surfaces of the entire sequence are of 
questionable quality. For example, the position of the top of the Galilee Basin is 
uncertain here because the Aramac Coal Measures and Betts Creek Beds seismic 
surfaces have a steep dip, and almost reach the ground surface (Figure 3.9d).  
However, there are no indications from surface geological mapping that these 
formations crop out in this area. In addition, stratigraphic logs of four wells in the 
area (Carolina 1, Carmichael 1, Fleetwood 1 and Lake Galilee 1) also confirm that 
the tops of the Aramac Coal Measures and Betts Creek Beds are likely to be much 
deeper than inferred from the seismic surface. In this area, the data quality issues are 
also evident within the Eromanga Basin, where the seismic surfaces indicate that the 
lower sequence crops out in this area, whereas the surface geology indicates the 
occurrence of Cenozoic and Quaternary sediments at the surface in these locations.  
These younger unconsolidated sediments are not included in the geological model 
due to their overall relatively small thickness in comparison to the total basin 
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sequence; however, they also mask the actual position where Eromanga Basin 
formations are close to surface.  
 
 
Figure 3-9: Areas of low reliability: a) Plan view of the northern low reliability area, where the ACM 
is questionable; b) Zoom of A showing where the ACM seismic surface (blue) is below the basement 
surface (orange); c) Plan view of the eastern low reliability area where the lower units of the 
Eromanga Basin crop out and d) Oblique view of C showing the questionable change of dip that is not 
confirmed by well logs. 
 
3.5 CONCLUSIONS 
 
Understanding the hydraulic relationships between coal-bearing units, aquifers 
and aquitards, and assessing if geological structures induce connectivity as barriers 
or conduits to groundwater flow, is an important component of the hydrogeological 
characterisation of sedimentary basins subjected to coal seam gas/coal bed methane 
exploration. In this present study, we have developed a three-dimensional (3D) 
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geological model of the coal-bearing Galilee Basin and the overlying Eromanga 
Basin in central Queensland, Australia, based primarily on well log data and seismic 
surfaces, and with an emphasis on seven key hydrostratigraphic units with particular 
relevance as either coal seam gas exploration targets or groundwater resources.  The 
3D geological model developed in this study was used to assess the characteristics of 
these major hydrostratigraphic units, including their geometry, distribution and 
thickness, as well as their relationships to major geological structures.  
Local-scale faults recorded only one stage of vertical displacement in all 
stratigraphic units where their presence was observed. In contrast, four different 
stages of fault movement were recorded for regional faults, marked by variable 
displacements of different aquifers/aquitards with a maximum vertical throw of 650 
m.  
In addition to previously known faults, several new faults were identified 
during the 3D geological model development, including the Thomson River and 
Longreach faults (both herein named). The assessment of aquifer geometry at 
regional fault systems suggests that horizontal groundwater flow is likely to be 
impeded by the Hulton-Rand and Tara structures, as the major aquifer systems on the 
up-gradient side of these structures abut against the impermeable basement on the 
down-gradient side. The Thomson River Fault is also likely to have a significant 
influence on groundwater flow, as all aquifers are juxtaposed against impermeable 
strata on the opposite (down-gradient) side of the fault.  The Stormhill and Dariven 
Faults and the Maranthona Monocline may have a more variable hydraulic role, and 
may behave either as barriers or partial conduits to horizontal groundwater flow; 
however, they are more likely to behave as barriers, as aquifers are displaced against 
aquitards over about 70% to 80% of their entire thickness. In addition, the 
relationships between generally flat-lying strata and near vertical faults observed in 
this study suggest that aquifer compartmentalisation induced by major faults is likely 
to occur in these basins. 
An upwards or lateral migration of groundwater may be expected where faults 
behave as horizontal impermeable barriers. However, within the model domain, 
evidence of upwards discharge of groundwater appears to be only evident near the 
Thomson River Fault, where stream gauging data suggests that there may be upward 
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leakage. However, more data and monitoring are required to independently confirm 
fault control of this possible vertical leakage 
In order to assess if actual hydraulic connectivity occurs along the geological 
structures, additional work on the mineralogical characterisation of the fault zones 
and installation of a dedicated groundwater monitoring network are required. The 3D 
geological model developed in this study can be used to guide groundwater managers 
on the best placement for observation bores and to allow further refining and testing 
of the understanding of fault control on aquifer/aquitard connectivity in the central 
Galilee and Eromanga basins. In addition, other techniques such as petrophysical 
techniques (e.g. the shale-gouge ratio method) can be applied in order to assess the 
hydraulic characteristics of the regional fault systems in the Galilee and Eromanga 
basins.  
The regional management of groundwater resources and prediction of potential 
impacts of coal seam gas development relies on an accurate characterisation of 
aquifers and aquitards and their spatial relationships. The 3D 
geological/hydrogeological model developed in this study suggests that within the 
Galilee and Eromanga basins, faults are likely to play a key role as hydraulic 
connectivity pathways between aquifers and aquifers or between aquifers and 
aquitards. To account for this, faults together with an accurate representation of 
aquifer/aquitard geometry should be presented in numerical models where sufficient 
data and knowledge exists. 
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Chapter 4: Hydrochemical processes and 
groundwater evolution 
Moya C.E., Raiber, M., Taulis, M., Cox, M.E. 2015. Hydrochemical evolution and 
groundwater flow processes within the Galilee and Eromanga basins, Great Artesian 
Basin, Australia: A multivariate statistical approach. Science of the Total 
Environment, 508, 411-426.  
Abstract 
The Galilee and Eromanga basins are sub-basins of the Great Artesian Basin 
(GAB). In this study, a multivariate statistical approach (Hierarchical Cluster 
Analysis, Principal Component Analysis and Factor Analysis) is carried out to 
identify hydrochemical patterns and assess the processes that control hydrochemical 
evolution within key aquifers of the GAB in these basins.  
The results of the hydrochemical assessment are integrated into a 3D 
geological model (previously developed) to support the analysis of spatial patterns of 
hydrochemistry, and to identify the hydrochemical and hydrological processes that 
control hydrochemical variability. In this area of the GAB, the hydrochemical 
evolution of groundwater is dominated by evapotranspiration near the recharge area 
resulting in a dominance of the Na-Cl water types. This is shown conceptually using 
two selected cross-sections which represent discrete groundwater flow paths from the 
recharge areas to the deeper parts of the basins. With increasing distance from the 
recharge area, a shift towards a dominance of carbonate (e.g. Na-HCO3 water type) 
has been observed. The assessment of hydrochemical changes along groundwater 
flow paths highlights how aquifers are separated in some areas, and how mixing 
between groundwater from different aquifers occurs elsewhere controlled by 
geological structures, including between GAB aquifers and coal bearing strata of the 
Galilee Basin. The results of this study suggest that distinct hydrochemical 
differences can be observed within the previously defined Early Cretaceous-Jurassic 
aquifer Sequence of the GAB. A revision of the two previously recognised 
hydrochemical sequences is being proposed, resulting in three hydrochemical 
doi:10.1016/j.scitotenv.2014.11.099
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sequences based on systematic differences in hydrochemistry, salinity and dominant 
hydrochemical processes. 
The integrated approach presented in this study which combines different 
complementary multivariate statistical techniques with a detailed assessment of the 
geological framework of these sedimentary basins, can be adopted in other complex 
multi-aquifer systems to assess hydrochemical evolution and its geological controls.  
 
Keywords 
Galilee Basin, Eromanga Basin, Great Artesian Basin, Multivariate statistical 
analysis, Gas, Hydrochemistry, Groundwater, Aquifer connectivity 
 
4.1 INTRODUCTION 
 
The Great Artesian Basin (GAB) is a major aquifer system that covers 
approximately 22% of the Australian continent. It is the most extensive groundwater 
resource in Australia and one of the largest artesian basins in the world (Habermehl, 
1980; Ransley and Smerdon, 2012; Figure 4.1). The GAB is composed of a sequence 
of inter-bedded Triassic to Cretaceous aquifers and aquitards, contained within 
several linked sedimentary basins including the Clarence-Moreton, Eromanga, Surat 
and Carpentaria basins, as well as the upper parts of the deeper Bowen and Galilee 
basins.  Within these sedimentary basins, coal-bearing formations are widespread, 
and sedimentary, metamorphic and igneous rocks of Palaeozoic and older ages 
underlie these sedimentary basins, forming an impervious hydrogeological basement 
(Habermehl, 1980; 2001; Reyenga et al. 1998).   
Artesian groundwater was first discovered in Queensland in 1878 and drilling 
of groundwater bores commenced in the GAB in the 1880s (Habermehl, 1980). The 
groundwater resources of the GAB are the primary water supply for most towns and 
are also used for pastoral, mining and petroleum development. In addition, they are 
of ecological significance, as they for example sustain spring-fed wetlands in the 
south-western part of the GAB (Love et al. 2013). Despite significant efforts to 
reduce uncontrolled flows from artesian bores, there continue to remain artesian 
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bores where uncontrolled flow occurs in various parts of the GAB (Habermehl, 1980; 
2008).  
While the groundwater resources of the GAB have been used for over a 
century, hydrogeological research has only been carried out since the 1970s. With 
the recent onset of coal seam gas exploration targeting the coal seams of the Galilee 
Basin and other sub-basins of the GAB, there is a clear need to better understand 
hydrological processes within these sedimentary basins. In particular, it is critical to 
understand how the coal seams of the Galilee Basin are hydraulically connected to 
the aquifers of the overlying Eromanga Basin to predict potential impacts of Coal 
Seam Gas (CSG) activities. Ransley and Smerdon (2012) have developed a 
comprehensive conceptual model of groundwater flow in the entire GAB. This 
conceptual model suggests that the GAB can be sub-divided into four 
hydrogeological areas: western Eromanga, central Eromanga (part of the study area; 
Figure 4.1), Surat and Carpentaria. 
 
 
Figure 4-1: Location of the study area in central Queensland. Datum GDA 1994 MGA Zone 54. 
 
However, at present, the relationship between aquifers, aquitards and coal 
seams is not well understood in the Galilee and Eromanga basins, the focus areas of 
this study (Figure 4.1), and more work is required. In hydrogeological studies of 
sedimentary basins or other complex aquifer/aquitard system in Australia and 
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elsewhere, hydrochemistry has been used successfully as an effective tool to assess 
hydrological processes, including groundwater recharge or inter-aquifer mixing (e.g. 
Edmunds, 2009; Cartwright et al. 2010; Raiber et al. 2012; Hofmann and Cartwright, 
2013). While measurements of groundwater hydraulic head are often influenced by 
short-term processes such as pumping and represent only the current monitoring 
period, the chemical signature of groundwater in sedimentary basins is typically 
influenced by long-term hydrological processes, thus providing an additional line of 
evidence on how and where aquifers or aquitards are connected. In the GAB, major 
ion hydrochemistry has been used as a tool to study hydrological processes by many 
researchers such as Habermehl (1980; 1983; 1986; 1996; 2001), Calf and Habermehl 
(1984), Herczeg et al. (1988, 1991), Radke et al. (2000) and Ransley and Smerdon 
(2012). These studies have suggested that two main aquifer sequences can be 
differentiated in the GAB based on the differences in their potentiometric surfaces 
and the chemical character of the groundwater. Aquifers of the lower sequence 
(Jurassic-Early Cretaceous) are artesian, with Total Dissolved Solid (TDS) 
concentrations ranging from 500 to 1500 mg/L and a Na-HCO3-Cl water type. In 
contrast, the upper Cretaceous aquifers are mostly sub-artesian, with TDS ranging 
from 1000 to 3000 mg/L and with a Na-Cl water type (Habermehl, 1980; 1983; Calf 
and Habermehl, 1984).  
Traditionally, patterns within hydrochemical datasets have been primarily 
identified using graphical methods that assess major ion relationships. However, 
these methods lack clarity when large datasets are considered. In addition, they only 
allow the use of a limited number of input parameters and there is no objective 
means to discriminate between chemical groupings/clusters from graphical 
techniques alone (e.g. Güler et al. 2002; Raiber et al. 2012).  
These limitations have been overcome with the use of Multivariate Statistical 
Analysis (MSA), a more objective way for the identification of hydrochemical 
groups in large datasets (e.g. Steinhort and Williams, 1985; Stetzenbach et al. 1999; 
Güler et al. 2002; Daughney and Reeves, 2005; O’Shea and Jakowski, 2006; Cloutier 
et al. 2008; Menció and Mas-Pla, 2008; Woocay and Walton, 2008; Daughney et al. 
2012; Raiber et al. 2012; King et al. 2014). Multivariate statistical analysis 
techniques were firstly utilised in studies related to social sciences, but due to their 
usefulness and ability to simultaneously consider many variables within large dataset 
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they have been frequently used in other research fields, including geosciences 
(Davis, 2002). One of the most commonly used types of multivariate analysis is 
Hierarchical Cluster Analysis (HCA). Güler et al. (2002) compared multiple 
graphical methods with MSA techniques such as Hierarchical or K-mean Cluster 
Analysis. They realised that even though cluster analysis is more efficient in 
grouping samples by their similarities than graphical techniques, the use of cluster 
analysis alone sometimes does not allow to adequately delineate complex 
hydrochemical processes in large datasets (Güler et al. 2002; Daughney and Reeves, 
2005a; 2005b). However, this limitation of MSA can be overcome with the use of 
additional multivariate statistical techniques such as Factor Analysis (FA) and 
Principal Component Analysis (PCA; Guggenmos et al. 2011).  
The only previous statistical assessment of the hydrochemistry of GAB waters 
(O’Shea and Jankowski, 2006) was conducted in an area that covers only about 5% 
of the GAB near the south-east border in New South Wales. This assessment was 
based on the analysis of only 25 samples, suggesting that it is not representative for 
the general characteristics of GAB groundwater hydrochemistry.  
The current study assesses the groundwater chemistry of the Galilee and 
Eromanga basins using an approach that combines HCA, PCA and FA to identify 
patterns within hydrochemical data-sets and determine what hydrochemical 
processes control these patterns. Following this, I re-assess the previously defined 
upper Cretaceous and Jurassic-Early Cretaceous aquifer sequence of the GAB in 
order to identify if further variations exist within the GAB groundwaters in the 
Galilee and Eromanga basins. Subsequently, I have integrated the results of the 
multivariate statistical analysis into the 3D geological model developed in Chapter 3 
to assess the influence of the geological framework (e.g. aquifer geometry and 
geological structure) and hydrological processes such groundwater recharge, inter-
aquifer mixing and fault-induced aquifer connectivity on the hydrochemical 
evolution along flow paths.  
 
4.2 GEOLOGICAL AND HYDROGEOLOGICAL SETTING 
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Within the study area in central Queensland (Figure 4.1), the GAB is composed 
of units of the Galilee and central Eromanga basins. Both basins comprise 
interbedded succession of sandstones, siltstones and mudstones. Those units 
dominated by sandstone generally have good permeability (e.g. mean horizontal 
permeability of 0.38 m/d in the Hutton Sandstone and 0.68 m/d in the Adori 
Sandstone; Ransley and Smerdon, 2012) and form aquifers, whereas the siltstone and 
mudstone dominated units act as confining layers and aquitards (Habermehl, 1980). 
  The same stratigraphic terminology of Chapters 2 and 3 is used in the present 
Chapter, but with the inclusion of several correlated units, as numerous groundwater 
samples were collected from wells outside the geological model domain. Within the 
study area, the confined aquifers of the GAB are bounded at their base by the 
aquitards of the Rewan Group and their top by the Winton Formation as shown in the 
entire aquifer/aquitard sequence in Figure 4.2. 
 
 
Figure 4-2: Generalised hydrostratigraphy of the northern Galilee and Eromanga basins in the study 
area. Note: the marker (*) highlights the position of the Dunda beds in the sequence when present. 
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Based on their potentiometric surfaces, the GAB aquifers have been divided in 
two groups, the lower group and the upper group. The former is referred to as the 
Lower Cretaceous-Jurassic Sequence with the potentiometric surface rising above the 
ground surface resulting in artesian aquifers (Habermehl, 1980). This sequence also 
includes the Triassic Clematis Group. Due to uncontrolled GAB groundwater 
extraction since the 1880s, the potentiometric surface of the lower group has dropped 
significantly (more than 100 m near populated areas). Nevertheless, aquifers of the 
Lower Cretaceous-Jurassic Sequence of the GAB are still artesian throughout most 
of the basin (e.g. Habermehl, 1980). The potentiometric surface in the upper group 
(Cretaceous Sequence) is below the ground surface, and aquifers of this sequence are 
non-flowing (sub-artisan). The two previously-defined GAB aquifer sequences 
(Habermehl, 1980; 1983; 1986; 1996; 2001) will be referred to as the Cretaceous 
GAB Sequence and the Jurassic GAB Sequence in this paper. Previous work also 
suggested that these groups are characterised by different chemical types of water, 
with a dominance of Na-Cl in the Cretaceous GAB Sequence and Na-HCO3-Cl in the 
Jurassic GAB Sequence (Habermehl, 1980; 2001). 
Based on seismic data, vertical displacements of up to 650 m have been 
observed for some aquifers at regional faults (e.g. Thomson River Fault). Where such 
significant vertical displacements are observed, the regional faults may act as a 
barrier to horizontal groundwater flow. Elsewhere within the study area, aquifers 
abut against the impermeable basement, potentially impeding the horizontal 
groundwater flow. 
 
4.3 METHODOLOGY 
 
The hydrochemical data used for this study were extracted from the 
Department of Natural Resources and Mines (DNRM) Queensland Groundwater 
Database (DNRM, 2014). In total, records from 686 groundwater analyses were 
made available for this study. This included 622 groundwater chemistry records from 
280 groundwater bores (Figure 4.3), which have been sampled up to seven times. 
Additionally, three groundwater samples collected by AGL Energy Ltd. in April 
2012  were also  made available  for this  study, two  of which  were collected  from 
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Figure 4-3: Distribution of the groundwater bores with available hydrochemical information used 
during this study and spatial relationship with the main regional geological structures. Datum GDA 
1994 MGA Zone 54. 
 
the Betts Creek Beds, a major CSG target. Furthermore, 61 groundwater samples 
(Figure 4.3) were collected from monitoring and private groundwater bores between 
March to September 2013.  Charge balance errors (CBE) were calculated for all 
samples and the majority of the analyses (~94%) presented a CBE < 5%, 33 analyses 
were in the 5% to 10% range, and only ten analyses had a CBE > 10%. While the 
common practice is often to exclude samples with CBE’s of ±5% (e.g. Freeze and 
Cherry, 1979), we have followed examples presented by Güller et al. (2002) and 
Guggenmos et al. (2011), who excluded records with a CBE’s >±10% to omit only 
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those records where severe charge imbalances indicative of sampling, analytical or 
data entry errors exist. 
Multivariate statistical analyses (MSA) were used to identify patterns within 
the hydrochemical data set. More than 40 chemical constituents were chemically 
analysed for the 61 samples collected during this study. In contrast, the groundwater 
chemistry records sourced from the DNRM database often included multiple 
sampling events, and the range of parameters analysed during those investigations is 
highly variable. As MSA only considers samples where each input parameter has a 
numerical value, only nine major chemical constituents (electrical conductivity, pH, 
Na+, Ca2+, Mg2+, Alkalinity, Cl-, SO42- and F-) which were measured across a large 
number of sites were used as input parameters to ensure a good spatial coverage. In 
addition, CO32- and dissolved CO2 were added during FA as these parameters can 
help identify hydrochemical processes (Taulis and Milke, 2013). 
As MSA requires a numerical value for each input parameter, values reported 
as “zero” or as “below the detection limit” need to be renamed as these samples 
would otherwise be discarded from the MSA. For “zero” values, these should be set 
equal to the detection limit. Among the selected input parameters only Mg2+ and 
SO42- presented zero values above the 5% of the entire dataset. In the case of these 
two parameters, no detection limit was reported for the zero values in the DNRM 
database and, consequently zero values were substituted by a value of half the lowest 
value in the dataset (generally a value very close to zero); values below the detection 
limit were substituted by a value of half the detection limit, as the detection limits are 
typically very low and the influence on statistical analysis is expected to be small 
(Farnham et al. 2002; Templ et al. 2008). For the entire data set, 106 analyses were 
not included in the MSA as they lack one or more of the nine chemical constituents 
used as input for MSA. Prior to the MSA, all parameters (with the exception of pH) 
were log transformed to approximate a normal distribution as a normality test 
showed that only pH is normally distributed. All statistical analysis performed in this 
study were conducted using the StatGraphics Centurion Software (Manugistics Inc., 
USA, Version 16.2). 
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4.3.1 Hierarchical Cluster Analysis (HCA) 
 
Initially, Hierarchical Cluster Analysis (HCA) was conducted using the nearest 
neighbour linkage method. This method helps to identify outliers within the dataset, 
which are characterised by a dissimilar chemistry (Daughney and Reeves, 2005a; 
Guggenmos et al. 2011; Daughney et al. 2012; Raiber et al. 2012; King et al. 2014) 
and which can be identified by the sharp change in slope of the agglomeration-
distance plot (Guggenmos et al. 2011). This procedure resulted in the identification 
of three outliers, which were then removed to avoid skewing of the data set. 
Following this, a new HCA was generated using Ward’s linkage method, which is 
the algorithm most commonly used when MSA is applied to hydrochemical studies 
(e.g. Güler et al. 2002). This method uses an analysis of variance to separate different 
clusters based on how homogeneous the data are. The measure of similarity used in 
both stages was the Euclidean distance, which ensures that each variable is weighted 
equally (Davis, 2002). 
 
4.3.2 Principal Component Analysis 
 
Principal Component Analysis (PCA) is a mathematical technique used for 
reducing data and deciphering patterns within large datasets (Wold et al. 1987; 
Stetzenbach et al. 1999; O’Shea and Jankowski, 2006). In this study, PCA was used 
to generate scatter plots for the clusters identified in the HCA and for the different 
hydrostratigraphic units present in the study area, thus allowing the visual inspection 
of hydrochemical similarities and differences. PCA was used in a first instance based 
on the cluster membership of each sample (Section 4.4.2) which allows the 
identification of cluster dominance areas within the component plot and 
identification of the chemical characteristic regarding to the main clusters. They were 
used in a second instance based in their hydrostratigraphic unit membership (Section 
4.5.2.2), aiming to identify differences of the studied hydrostratigraphic sequence.  
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4.3.3 Factor Analysis 
 
Factor analysis (FA) was performed in two stages: firstly, FA was carried out 
using the entire dataset in order to assess the main hydrochemical processes of the 
area. Then, FA was carried out for each of the HCA-derived clusters to evaluate 
different processes and understand groundwater evolution. Depth of the screened 
interval, CO32- and CO2 were added during the FA in addition to the parameters 
which were previously used in HCA and PCA. As only numerical values can be used 
as input for this procedure, the value used to represent the screened interval was 
defined as the midpoint of the screen in the sampled bore. CO32- and CO2 were 
calculated using a Carbonate Speciation Tool (GWCarb v 1.0; Taulis, 2010) based on 
pH and Alkalinity and using Electrical Conductivity and TDS values to calculate 
ionic strength. The rotation method used for the FA is the varimax rotation of a 
traditional PCA (Kaiser, 1958; Liu et al. 2003). 
 
4.4 RESULTS  
 
Three different multivariate statistical techniques were used in this study. Even 
though PCA and FA are sometimes confused as both attempt to explain the variance 
among observed variables within a dataset, there are some characteristic differences 
(Davis, 2002) that warrant their simultaneous and complementary use. While HCA is 
very useful for the grouping of groundwater records to clusters based on the 
similarity of the hydrochemical input parameters, the water quality characteristics 
that distinguish each cluster cannot be determined from the dendrogram alone 
(Daughney and Reeves, 2005a, 2005b; Guggenmos et al. 2011). PCA is more a 
descriptive technique, and it has been selected in this study to assess the 
hydrochemical characteristics of each cluster and the separation between clusters. In 
addition, it has been used to identify differences between hydrostratigraphic 
sequences, which may be indicative of vertical connectivity between different units. 
In contrast, FA was used to study the data structure and add additional insights into 
hydrochemical processes which cannot be clearly understood with the use of HCA or 
PCA alone. 
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4.4.1 Hierarchical Cluster Analysis 
 
After the removal of the outliers using the nearest neighbour method, 574 
analyses were used as input for a HCA with the Ward’s linkage method. This 
procedure resulted in the identification of four major clusters represented in a 
dendrogram (Figure 4.4). In addition the spatial distribution of clusters is presented 
in Figure 4.5.  Where multiple sampling records exist from the same groundwater 
bore, these were generally assigned to the same cluster during the HCA. Together 
with the substantial sampling depth of most groundwaters and the typically old 
groundwater ages reported for groundwaters in many parts of the GAB (e.g. Love et 
al. 2000; Lehmann et al. 2003), this suggests that there is unlikely to be any influence 
of seasonal effects on the groundwater chemistry in these basins. 
 
 
Figure 4-4: Dendrogram for the HCA showing the four identified cluster and sub-clusters for Clusters 
2 and 3. 
 
Cluster 1 is dominated by Na-Cl and has the highest electrical conductivities 
among all the clusters, with a mean electrical conductivity of 4389 µS/cm (Table 
4.1). Groundwater samples within Cluster 2 have a Na-HCO3-Cl water type with a 
mean electrical conductivity of 1726 µS/cm (lower than those of Cluster 1 but higher 
than the Clusters 3 and 4). Cluster 2 was further sub-divided in sub-Clusters 2a and 
2b. Groundwater samples assigned to Cluster 3 have a Na-HCO3 water type with a 
mean electrical conductivity of 530 uS/cm, which is the lowest of all clusters. This 
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cluster has been subdivided into sub-Clusters 3a, 3b and 3c (Figure 4.4). Similar to 
Cluster 1, Cluster 4 also is dominated by Na-Cl water type, but groundwater samples 
within Cluster 4 have much lower ion concentrations (a mean electrical conductivity 
of 565 µS/cm). Samples assigned to Cluster 4 account for only 5% of the entire data 
set and these samples were mostly collected from the units of the Galilee Basin 
(Figure 4.5) where it crops out, so this area is strictly not considered as part of the 
GAB. The mean values of concentration used for HCA calculations are found in 
Table 4.1, and water types are summarised in Table 4.2. 
 
Table 4-1: Mean analyte concentrations of HCA derived clusters. n, correspond to the number of 
samples represented by each cluster, and, n% to the percentage of the samples represented by a cluster 
compared to the entire dataset. 
Cluster n %n pH EC Na Ca Mg HCO3 CO3 Alk Cl F SO4
(µS/cm) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
1 96 17 7.66 4389.18 860.02 72.99 39.20 260.90 2.75 262.42 1281.48 0.54 172.43
2 207 36 8.42 1726.02 414.28 3.08 0.70 766.95 32.89 794.75 153.29 3.15 21.15
2A 119 21 8.39 2046.08 487.30 3.50 1.01 886.75 42.60 920.76 178.47 3.63 33.70
2B 88 15 8.47 1293.20 315.54 2.50 0.29 604.93 21.37 624.36 119.23 2.51 4.19
3 244 42 8.14 529.64 110.84 6.64 1.99 218.38 4.30 221.81 56.80 0.44 8.39
3A 80 14 8.33 723.15 162.54 4.51 0.49 269.62 7.55 275.66 90.22 0.65 14.50
3B 30 5.2 7.58 418.17 50.06 18.08 11.55 179.18 0.87 179.87 42.57 0.23 6.64
3C 134 23 8.16 439.08 93.58 5.34 0.75 196.56 3.13 199.06 40.03 0.35 5.14
4 30 5.2 7.08 564.70 97.05 5.67 6.44 45.56 1.81 40.89 134.90 0.29 12.69
 
The distribution of clusters (Figure 4.5) is not clear in the southern Galilee Basin as 
no trends are observed, and all clusters are present in this area. However, the 
situation is different in the northern Galilee Basin and in the Maneroo Platform 
(Figure 4.3), which is in the central part of the basin. In the eastern Galilee Basin 
(where Eromanga Basin formations are absent) only Clusters 1 and 4 are identified, 
indicating that only Na-Cl water types characterise these units.  Additionally this 
location coincides with the recharge area of the Galilee Basin units. In the northern 
Galilee Basin, mostly Cluster 3 samples are identified, indicating evolution of 
groundwater of the Na-HCO3 water type. In the Maneroo Platform, Clusters 1 and 2 
are dominant, and these are characterised by more saline waters. In this area the 
Galilee Basin is absent and possibly most of the groundwater bores are tapping into 
units of the Cretaceous GAB Sequence. 
 78 Chapter 4: Hydrochemical processes and groundwater evolution 
 
 
Figure 4-5: Hierarchical cluster analysis membership of groundwater samples and inferred recharge 
areas of the Great Artesian Basin (based on Ransley and Smerdon 2012). Datum GDA 1994 MGA 
Zone 54. 
 
Table 4-2: Characteristic waters types of HCA derived clusters. 
Cluster 1 Cluster 2 Cluster 3 Cluster 4
Water type Na-Cl Na-HCO3-CNa-HCO3 Na-Cl
EC 4389.18 1726.02 529.64 564.70
pH 7.66 8.42 8.14 7.08  
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4.4.2 Principal Component Analysis 
 
Only two principal components (PCs) with eigenvalues above 1 were 
considered for further interpretation as suggested by Kaiser’s criterion (Kaiser, 1960; 
Thyne et al. 2004). PC 1 represents 39.1% of the total variance within the data (Table 
4.3); it shows positive weightings of all the variables except pH, which is fairly close 
to zero and its influence is considered minimal. Particularly the highest weightings in 
PC1 are Cl, Na and Electrical Conductivity, which control the salinities in this 
component showing dominance of saline Na-Cl water types. 
PC2 accounts for 32.8% of the total variance within the data (Table 4.3); it is 
associated with positive weightings of Mg2+, Ca2+, SO42- and Cl-, as well as the 
negative weightings of Na+, Alkalinity, F- and Electrical Conductivity. The first two 
components account for approximately 71.9 % of the data variability.  
 
Table 4-3: Table of component weightings, principal component Eigenvalues and variance of 
principal components. 
Variable
1 2
pH -0.10 -0.46
Log EC 0.51 -0.15
Log Na 0.47 -0.24
Log Ca 0.30 0.32
Log Mg 0.29 0.36
Log Alkalinity 0.11 -0.49
Log Cl 0.50 0.04
Log F 0.14 -0.45
Log SO4 0.24 0.17
Eigenvalue 3.52 2.95
Percentage of explained variance 39.13 32.79
Cumulative percentage of variance 39.13 71.92
Pricipal Component
 
 
Figure 4.6 is a projection of scores in PC1 and PC2 for all groundwater analyses 
separated by the cluster where they belong. Cluster 1 and sub-Cluster 2A are the only 
clusters with positive weightings in PC1 and these correspond to the most saline 
clusters in the dataset. Conversely, samples in Cluster 3 (which includes three sub-
clusters) and Cluster 4 present negative weighting in PC1 and these correspond to the 
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freshest groundwaters. In regard to PC2, Cluster 1 shows mostly positive weightings 
with these samples having a strong chloride character. Cluster 2 (both a and b) shows 
only negative weightings in PC2; samples in this cluster are dominated by 
bicarbonate and exhibit high fluoride concentrations (Table 4.1). Samples in sub-
Clusters 3a and 3c show weightings close to zero in PC2; in general, these samples 
present high bicarbonate and chloride concentrations. A clear differentiation between 
the scores of each cluster is observed in Figure 4.6, which shows only minor 
overlapping thus allowing the definition of cluster areas (separated by blue lines in 
Figure 4.6) within the score plot. 
 
 
Figure 4-6: Principal component analysis (PCA) scores from samples from the different clusters 
obtained using HCA. The blue line represents the boundary between cluster areas defined using the 
PCA scores. 
 
4.4.3 Factor Analysis 
 
Factor Analysis was first carried out for the entire dataset, resulting in three 
eigenvalues above 1 which account for 78.7% of the variance after the factors were 
extracted and rotated. The distribution of the variance within the three factors is 
37.5% for the first factor, 29.3% for the second factor and 11.9% for the third factor. 
Figure 4.7a shows that the only significant score coefficients in factor 1 (e.g. > +0.5 
or < -0.5) are pH, depth, Ca2+, Mg2+, alkalinity and CO32-. This figure shows that a 
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decrease in Ca2+ and Mg2+ is associated with a strong increase in pH, depth, 
alkalinity (equivalent to bicarbonate in the studied pH range) and carbonate. This 
relationship suggests that there could be an active process of carbonate generation, 
which could be a consequence of anaerobic carbon dioxide dissociating into HCO3- 
and CO32- as groundwater flows downwards through deep aquifer sections.  
The presence of significant concentrations of HCO3- and CO32- results in 
increased pH values. As pH values increase (e.g. pH > 8.1), there is 1 % or less CO2 
available in the system and the majority of the carbonate species in solution exists as 
HCO3- and CO32- and as these concentrations increase (e.g. through anaerobic 
processes), calcium and magnesium may precipitate as calcite or dolomite, which is 
facilitated by the absence of CO2.  In addition, for groundwaters with pH below 8, 
reduction of Ca2+ and Mg2+ in groundwater may occur by cation exchange with clay 
minerals (reported in the GAB by Herczeg et al. 1991). These processes could 
account for the low Ca2+ and Mg2+ concentration correlation presented by factor 1. 
   
 
Figure 4-7: Plot components for factor score coefficients (1 to 3) determined using the entire dataset 
 
The relevant score coefficients for the second factor are EC, Na+ and Cl-, which 
suggests that electrical conductivity is controlled mainly by Na+ and Cl- (Figure 
4.7b).  As meteoric water infiltrates through recharge areas, Cl- and Na+ 
concentrations would increase as a result of rain/soil interactions. Hence, this factor 
primarily reflects groundwater recharge process which results in Na-Cl water types. 
Cl/Br ratios (explained in section 4.5.1.1) indicate that there is no influence of 
evaporate dissolution, suggesting that cyclic salts are the primary source of ions. 
There are no rainfall data (i.e. chemistry and/or ion deposition rates) in the proximity 
of the study area (the closer station is located 386 km south-east from Longreach). 
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The third factor shows a negative correlation between pH and CO2, indicating 
that dissolved carbon dioxide concentrations tend to increase as the pH of 
groundwater decreases (Figure 4.7c). This is in agreement with the principles of 
carbonate speciation because in groundwaters dominated by bicarbonate ions, some 
of the bicarbonate ions will dissociate as carbon dioxide in deep (pressurised) aquifer 
units. Under such conditions, the groundwater pH will decrease according to 
carbonate speciation rules (Taulis and Milke, 2013). Even though this factor only 
accounts for 11.9% of the variance, it is highly relevant as it suggests the presence of 
dissolved CO2 in groundwater. The presence of dissolved CO2 has also been 
observed in many groundwater bores within the GAB (Calf and Habermehl, 1984; 
Cox and Barron, 1998). 
In addition to the FA carried out on all samples, FA was also conducted for the 
four previously defined HCA clusters (e.g. Figures 4.4 and 4.5) to identify the 
processes that control the hydrochemical characteristics of groundwater throughout 
different aquifers of the GAB. Table 4.4 presents a summary of the main factors 
identified in each of the clusters, together with their respective contribution to the 
variance, and the underlying hydrochemical processes associated with each of the 
factors. Since some hydrochemical processes are observed in more than one cluster 
and, only the most representative example will be discussed. 
 
Table 4-4: Variance contribution of main factors and most representative hydrochemical processes. 
Cluster Factor Variance Main Hydrochemical Processes
Factor 1 41,73 Na-Cl water type, evapotranspiration
Factor 2 25,50 Bicarbonate enrichment, carbonate dissolution
Factor 3 15,85 Dissolved carbon dioxide degassing
Factor 1 31,38 Na-Cl-HCO3 water type
Factor 2 23,09 Dissolved carbon dioxide degassing
Factor 3 13,53 Bicarbonate enrichment, carbonate dissolution
Factor 1 35,63 Dissolved carbon dioxide degassing
Factor 2 22,29 Na-Cl-HCO3 water type
Factor 3 13,68 Carbonate dissolution; Ca, Mg and HCO3 increase
Factor 1 43,94 Dissolved carbon dioxide degassing
Factor 2 20,03 Na-Cl water type
Factor 3 14,42 Carbonate dissolution; Ca and HCO3 increase
Cluster 1
Cluster 2
Cluster 3
Cluster 4
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For the first factor of Cluster 1 (representing 41.73% of the total variance) 
there is a very strong positive correlation between EC, Na+, Ca2+, Mg2+ and Cl- 
(Figure 4.8a.1). Groundwaters of these characteristics may indicate a strong 
influence of evapotranspiration as meteoric water infiltrates through thick soils and 
regoliths in the recharge areas. Thus, an electrical conductivity increase would be a 
direct result of evapoconcentration of major ions (Na+ and Cl-) but with some 
contribution from secondary ions (Ca2+ and Mg2+), which is the process being shown 
by the first factor. This process would be particularly relevant in Cluster 1, as this 
cluster is the most saline of all the clusters and many of their samples are located 
directly on the recharge are of the Galilee Basin units (Figure 4.5). The second factor 
of Cluster 1 (25.5% of the total variance) shows that the significant score coefficients 
are alkalinity, depth, SO42-, CO32-, and to a lesser extent Mg2+ and Ca2+ (Figure 
4.8a.2). This factor shows a positive correlation between depth, alkalinity (i.e. 
bicarbonate in this pH range), and carbonate but with a negative correlation between 
SO42-, Mg2+ and Ca2+. The second factor is therefore a good indicator of 
hydrochemical changes with depth. As groundwater flows from the recharge areas 
towards deep aquifer sections, bicarbonate and carbonate concentrations (a 
consequence of anaerobic reactions facilitated by methanogenic bacteria) will 
dissociate into carbon dioxide as the aquifer pressure increases. The observed low 
SO42- concentrations are a product of SO42- reduction, which is a process preceding 
methanogenesis and is typically observed in coal seam gas waters (van Voast, 2003). 
This process appears as a negative correlation between the score coefficient for SO42- 
and depth, CO32-, and HCO3- in this factor. As a secondary effect of high HCO3-
/CO32- concentrations, Ca2+ and Mg2+ concentrations decrease due to calcite or 
dolomite precipitation, which is also reflected by this factor.  
In the first factor of Cluster 2 (accounting for the 31.38% of the variance) the 
significant scores in the first factor are EC, Na+, Alkalinity and Cl- (Figure 4.8b.1), 
indicating a correlation between electrical conductivity and the major ions present in 
the groundwater. Therefore, this factor indicates that the major ions dominating this 
cluster are sodium, bicarbonate, and chloride (Na-HCO3-Cl water type). The second 
factor in Cluster 2 which explains 23.09% of the variance shows a positive 
correlation between pH and carbonate associated with a significant reduction of 
dissolved carbon dioxide (Figure 4.8b.2). This is the same process that was 
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previously observed in factor 3 for the whole data set. However, in this case these 
results indicate carbonate dissociation and carbon dioxide degassing with increasing 
pH values. This process can be explained by the carbonate speciation model which is 
defined by solving the classical carbonate equilibrium equations (Freeze and Cherry, 
1979; Snoeyink and Jenkins, 1980). This same relationship has been described for 
coal seam gas water samples in New Zealand (Taulis and Milke, 2013), where the 
degassing process controlled hydrochemical variations of samples as these were 
exposed to lower atmospheric pressure at the surface. In the case of Cluster 2, 
degassing was also observed during sample collection in the field during this study; 
this was marked by the presence of bubbles with gas coming out of solution in 
several GAB groundwater bores. The third factor for Cluster 2 (Figure 4.8b.3) shows 
a positive correlation between depth and alkalinity (i.e. bicarbonate in the studied pH 
range) but a negative correlation with chloride. Therefore, this factor is revealing 
bicarbonate presence with depth. This bicarbonate (alkalinity) could be a 
consequence of carbonate dissolution or a product of methanogenesis which yields 
CO2 but, at depth and with pH>6, dissociates into bicarbonate.  
For Cluster 3, the first factor (accounting for 35.6% of the variance) shows the 
exact same correlation trend (Figure 4.8c.1) as the one for the second factor of 
Cluster 2. Therefore, factor one reveals CO2 degassing for Cluster 3. Similarly, factor 
2 (22.3% of the variance) for Cluster 3 (Figure 4.8c.2) shows the same relationship 
as factor 1 for Cluster 2, which has been interpreted as the dominance of the major 
ions (Na+, HCO3-, and Cl-) with respect to electrical conductivity. However, the third 
factor in Cluster 3 (Figure 4.8c.3) exhibits a positive correlation between depth, Ca2+, 
Mg2+ and alkalinity, which is associated with carbonate formation due to dissolution 
of carbonaceous materials or with methanogenesis in the absence of oxygen at depth. 
However, this factor also suggests an increase in calcium and magnesium 
concentrations with depth, which suggests that calcium and magnesium are not 
precipitating at a higher rate than the rate at which these ions are being dissolved 
(e.g. from calcite or dolomite dissolution).  
The first factor for Cluster 4 mainly shows a positive correlation between pH and 
carbonate but with CO2 negatively correlated (Figure 4.8d.1). As in previous cases 
(e.g. the first factor of Cluster 3 and the second factor of Cluster 2) this corresponds 
to  CO2  degassing. This  factor  also  shows, albeit  to  a  lesser  extent,  a  positive 
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Figure 4-8: Plot components for factor score coefficients (1 to 3) carried out independently for each 
cluster. a) In cluster 1, b) In cluster 2, c) In cluster 3, and d) In cluster 4. 
 
correlation between EC, Na+, and Cl- and a negative correlation with SO42-. This 
could explain the relationship with major ion composition (Na+ and Cl-) and 
electrical conductivity within this factor. The second factor for Cluster 4 (Figure 
4.8d.2) shows a positive relationship between EC, depth, sodium, magnesium and 
chloride, which indicates a correlation between electrical conductivity and the major 
ions present in the groundwater when depth increases. This process may represent 
early evapotranspiration during recharge as salinities are still low compared to 
groundwaters of Cluster 1 (9 times smaller), but higher than concentrations in 
precipitation. A possible carbonate dissolution process is observed in the third factor 
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of Cluster 4 (Figure 4.8d.3) where alkalinity is positively correlated with calcium and 
carbonate concentrations. This could be a direct result of a calcite dissolution 
process. This process is similar to the observed for the third factor of Cluster 3 (with 
the exception of an increase in magnesium). An area of overlap between samples 
belonging to sub-Cluster 3b and Cluster 4 can be observed in Figure 4.6. In addition, 
FA on sub-Cluster 3b shows the same trend suggesting a potential carbonate 
dissolution processes, and this is accompanied by an increase of calcium and 
magnesium concentrations. This is significant as this factor accounts for 36.4% of 
the variance for sub-Cluster 3b. Hence, the overlap in Figure 4.6 represents samples 
dominated by carbonate dissolution processes in which calcium, and to a lesser 
degree magnesium, concentrations increase. 
 
4.5 DISCUSSION 
 
4.5.1 Hydrochemical Processes and Groundwater Flow Dynamics in the Great 
Artesian Basin 
 
Radke et al. (2000) and Ransley and Smerdon (2012) identified up to 10 
different hydrochemical processes across the GAB (e.g. evapotranspiration, 
respiration, dissolution of soil gases, dissolution of salts, bacterial sulfate reduction, 
fermentation, methanogenesis, reaction with aquifer mineral and gases, diffusion of 
ions from adjacent aquitards, and, upward leakage of groundwater from underlying 
aquifers). In this section, we discuss the major hydrochemical processes identified 
during this study and highlight the implications on the hydrochemical evolution of 
groundwaters and on hydrological processes in the GAB. 
 
4.5.1.1 Groundwater recharge processes 
Evapotranspiration was identified as an important control on groundwater 
salinities of GAB groundwaters by Herczeg et al. (1991). The authors realised that 
chloride concentrations in rainfall are significantly lower than those in GAB 
groundwaters, and concluded that the most likely mechanism responsible for higher 
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groundwater chloride concentrations (and concentration of other ions) is 
evapotranspiration near the recharge area.  
The current study confirms the finding of Herczeg et al. (1991) based on the 
FA carried out on groundwater samples of Cluster 1. Groundwater samples assigned 
to this cluster are characterised by Na-Cl water type and with a strong positive 
correlation between EC, Na+, Ca2+ and Cl- and to a lesser extent Mg2+. This cluster 
includes mostly samples collected from shallow aquifers of the Cretaceous GAB 
Sequence close to the recharge areas (Figure 4.5). Consequently, an increase in ion 
concentrations (e.g. concentrations of Na+, Cl-, Ca2+, and Mg2+) is observed in these 
groundwater samples, likely to be due to evapotranspiration during groundwater 
recharge. Additionally, a group of samples assigned to Cluster 1 are located to the 
east of the boundary of the GAB in areas where the Galilee Basin units crop out 
(Figure 4.5).  These samples are likely to be located in the Galilee Basin unit 
recharge area.  
Cl/Br ratios of these groundwaters also confirm that cyclic salts contained in 
rainfall are the major source of ions. Halite has Cl/Br ratios in excess of 5000, as Br 
is not incorporated during its formation and does not take part in most mineral-
dissolution reactions (e.g. Herczeg et al. 2001; Cartwright et al. 2004). As a result, 
the dissolution of even very small quantities of halite would produce groundwaters 
with high Cl/Br ratios plotting close to the halite dissolution line (Cartwright et al. 
2005), much greater than the Cl/Br ratios of local precipitation, which are close to 
the oceanic (mass) ratio of 288 (Drever, 1997). All Cl/Br ratios determined during 
the present study have a Cl/Br ratio of 200 to 400 (median 303), which is in a similar 
range as rainfall. We can therefore conclude that cyclic salts are the primary source 
of salts and that dissolution of halite is unlikely to be a major contributor. 
 
4.5.1.2 Carbonate Dissolution/Methanogenesis 
The undersaturation of GAB groundwaters with respect to calcite led to the 
conclusion that carbonate dissolution is a significant process in the GAB (Herczeg et 
al. 1991). In the current study, carbonate occurrence is mostly attributed to CO2 
dissociation into CO32- and HCO3- as pH increases according to the FA results for the 
entire dataset (factor 1; Figure 4.7a). In addition, FA applied to Clusters 2, 3 and 4  
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(Middle and Lower GAB) suggests that carbonate dissolution is the most likely 
carbonate generation process in these groundwaters as evidenced by  a positive 
correlation between depth, pH, alkalinity, Ca2+, and Mg2+ (albeit the latter occurs to a 
minor degree). Dissociation of CO2 was recognised in the Upper GAB during the FA 
for Cluster 1. In the Upper GAB Sequence (Figure 4.8a.2), this process accounts for 
25.50% of the total variance, whereas carbonate dissolution accounts for only 
13.53% and 13.68% in the Middle and Lower sequences, respectively (Table 4.4). 
The FA for the Upper GAB Sequence (factor 2, Figure 4.8.a.2) suggests that 
carbonate/bicarbonate concentrations tend to increase with depth, and that these are 
accompanied by low sulfate concentrations. These observed correlations highlight 
the occurrence of methanogenesis, which takes place under anaerobic conditions 
which are often observed in sedimentary basins with increasing aquifer depth. This 
process accounts for high CO2 and CH4 concentrations, which have been observed in 
many wells within the GAB (e.g. Cox and Barron, 1998).  At depth, some of the CO2 
will dissociate into bicarbonate/carbonate, providing an additional hydrochemical 
pathway for the generation of high carbonate concentrations.  
The Upper and Middle sequences (Figures 4.8a.2 and 4.8b.3) follow the same 
patterns observed for the entire dataset, with the exception of pH, which is not 
strongly correlated in these sequences. The carbonate dissolution process is observed 
in the Lower Group (Cluster 3) as, in this case, Ca2+ and Mg2+ are positively 
correlated with depth (Figure 4.8c.3) and alkalinity. However, Ca2+ and Mg2+ 
presented negative correlation with depth and alkalinity for the entire dataset (Figure 
4.7a). Similarly, the FA for Cluster 4 (Figure 4.8.d.3) highlights the importance of 
the carbonate dissolution process (14.4 % of variance contribution) as alkalinity (e.g. 
bicarbonate and carbonate) is positively correlated with Ca2+ possibly due to 
attendant calcite and dolomite dissolution. 
 
4.5.1.3 Gas in the GAB 
Throughout this study, gas has been reported in at least 12 GAB groundwater 
bore samples. In all of these bores the pH value measured at the well head increased 
by approximately 0.5 pH units when measured later in the laboratory. This increase 
in pH is an indication of CO2 degassing in deep groundwater samples with high 
bicarbonate concentrations (Deffeyes, 1965; Taulis and Milke, 2013). Boreham et al. 
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(2001) observed groundwater samples with CO2 gas contents greater than 50% of 
total gas measured in some bores of the Cooper/Eromanga basins (to the south-west 
of the study area). It was postulated that most of the CO2 in these bores is mantle-
derived, which was later confirmed by Italiano et al. (2014). Additionally, Herczeg et 
al. (1991) acknowledged the widespread occurrence of CO2 within the GAB, and 
they stated that this may be due to fermentation processes at depth. Furthermore, 
Herczeg et al. (1991) noted that the addition of CO2 is a major control of the 
evolution of groundwaters within the GAB.  
Methane has also been observed within the GAB (Cox and Barron, 1998). 
Methane is produced during fermentation (methanogenic phase of anaerobic 
decomposition) together with CO2. Within coal-bearing formations, methane is 
adsorbed into the micropore structure of coal, whereas in the case of shale gas, 
methane is contained within organic compounds trapped in the pores or naturally 
occurring fractures of the shale (Rogers, 2011). Where these gases are not adsorbed 
to specific materials, they are typically present in their dissolved form in 
groundwater. However, the solubility of CO2 gas (1.7 g of gas per kg of water e.g. at 
20°C) in water is about 70 times higher than the solubility of methane (e.g. 0.024 g 
of gas per kg of water at 20°C; Kaye and Laby, 1966), so most of the dissolved gas is 
likely to be CO2. 
Degasification of GAB groundwater samples was observed during sampling as 
vigorous bubbling, and this gas occurrence was later also confirmed during the FA. 
Carbon dioxide is expected to be present in GAB groundwater when pH decreases, 
and this relationship was observed in the third factor of the FA for the entire dataset 
(Figure 4.7c). When examining the different clusters, it is noted that degasification 
processes appear to affect all clusters, and the particular factor highlighting this 
process has a corresponding variance contribution which increases with the median 
depth of the clusters. For example, in Cluster 1 (Upper GAB Sequence), the 
degassing process corresponds to the third factor (15.8 % of the variance; Figure 
4.8a.3), whereas in Cluster 2 (Middle sequence) this process corresponds to the 
second factor (23.1 % of the variance; Figure 4.8b.2) and in Cluster 3 (Lower 
sequence) it corresponds to the first factor (35.6 % of the variance; Figure 4.8c.1). 
This observed degassing is attributed to a reduction in pressure as deep groundwater 
is pumped to the surface, where a lower atmospheric pressure exists. However, this 
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effect also highlights the importance of CO2 in relation to deep groundwater samples 
— CO2 concentrations will tend to increase with increasing depth and pressure 
within the sequence. 
 
4.5.2 Hydrochemical evolution along the flow path 
 
4.5.2.1 Groundwater evolution within aquifers and inter-aquifer mixing 
Groundwater evolves differently through the hydrostratigraphic units present in 
the study area. While the spatial resolution of hydrochemical data do not allow the 
characterisation of the groundwater evolution along flow paths and with depth in all 
units, the integration of groundwater bores, screened intervals and hydrochemical 
characteristics (i.e. cluster membership) into the 3D geological model developed in 
Chapter 3 allows an improved assessment of groundwater evolution along the flow 
paths for key aquifers. Two representative cross-sections (Figures 4.9) were selected 
to highlight spatial relationships along the flow paths from the inferred recharge area 
to the deeper parts of the basins, based on the potentiometric surface map developed 
for the entire GAB by Geoscience Australia (2013).  
 
4.5.2.1.1 Cross-section 1 
Along the flow path shown in cross-section 1 of Figure 4.9a, the Hooray 
Sandstone shows only minor variations marked by a change from sub-Cluster 2a to 
2b. However, no groundwater hydrochemistry data exist for the Hooray Sandstone 
closer to recharge area along this flow path, which may explain the lack of Na-Cl 
dominated groundwaters observed for this unit.  
Even though the Hutton Sandstone is one of the most exploited aquifers in the 
GAB, only three bores screen the Hutton Sandstone along the flow path presented in 
cross section 1 (Figure 4.9a). Interestingly, only the bore closest to the recharge area 
(over 100 km away) in the groundwater flow direction is assigned to Cluster 3, to 
which over 80% of all Hutton Sandstone groundwater samples were assigned (Figure 
4.10.b) within the model domain. The other two bores are located on opposite sides 
of the Hulton-Rand Structure, and are both assigned to sub-Cluster 2b. Interestingly, 
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on the eastern side of this structure, the 3D geological model and the cross-section 
show that  the Triassic units of the Galilee Basin that separate the Hutton Sandstone 
from the Betts Creek Beds thin and are completely absent to the east of the Hulton-
Rand Structure. At the sampling location, both the Moolayember Formation and 
Clematis Group are already truncated where the Rewan Group (typically considered 
as an aquitard) is only 22 m thick and keeps thinning southward. In addition, in this 
location, the lithological log indicates that it is a medium grain sandstone (AGL 
Energy Limited 2012a; 2012b), therefore is unlikely to act as an aquitard. The 
uncharacteristic hydrochemistry within the Hutton Sandstone at this location together 
with the aquifer geometry suggests that there could be some mixing between the 
Hutton Sandstone and the Betts Creek Beds here (samples in the Betts Creek Beds 
are characterised by sub-Cluster 2a at this location).  
Further to the south, the Rewan Group is truncated and the Hutton Sandstone is 
in direct contact with the Betts Creek Beds over a distance of approximately 5 km, 
suggesting that groundwater mixing is also likely to occur here.  
Findings of Chapter 3 suggested that horizontal groundwater flow within the 
Hutton Sandstone across the Hulton-Rand Structure is likely to be impeded, and that 
groundwater may flow either vertically or laterally here. The third sample of the 
Hutton Sandstone within Cross-section 1 has been assigned to Cluster 1, which has a 
very different chemical signature compared to the hydrochemistry of groundwater in 
the Hutton Sandstone elsewhere and compared to the sample collected on the eastern 
side of the fault (described above). This distinct hydrochemistry supports the 
evidence from the 3D geological model that aquifer compartmentalisation is likely to 
occur here due to the disconnection of the Hutton Sandstone on opposite sides of the 
fault.  Additional more targeted sampling is necessary to further confirm this process. 
Within the Clematis Group, groundwater evolves from Na-Cl dominated 
groundwater (Cluster 4) near the recharge area to Na-HCO3 water (Cluster 3) with 
increasing distance from the recharge area (Figure 4.9a). This observed change is in 
agreement with previous observations that indicated that evapotranspiration produces 
groundwater with a Na-Cl signature near the recharge area, and that carbonate 
dissolution changes the groundwater signature with increasing distance from the 
recharge area. While most samples in the Clematis Group are assigned to Cluster 3, a 
distinct sample assigned to sub-Cluster 2A was observed further away from the 
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recharge area. This may also be due to groundwater mixing, controlled by aquifer 
structure and the absence of the Rewan Group as a confining layer that separates the 
Clematis Group from the underlying Betts Creek Beds. 
 
 
Figure 4-9: Groundwater evolution along selected flow paths, based on the 3D geological model 
developed in Capter 3. The cross-sections show the distribution of groundwater bores and the cluster 
membership of groundwater samples (points displayed at the mid-screen level) through the different 
aquifers studied in this paper. A) Cross Section 1 (SW-NE), B) Cross Section 2 (W-E). Abbreviations: 
ACM, Aramac Coal Measures; sst, Sandstone. Vertical exaggeration 40x. 
 
4.5.2.1.2 Cross-section 2 
Multiple Hutton Sandstone hydrochemical records are also observed along the 
flow path in cross section 2 (Figure 4.9b). Along this inferred flow path, a 
groundwater sample in the recharge area is characterised by a Na-Cl water type 
(Cluster 4). Additional seven groundwater samples were collected from bores located 
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along this flow path further down-gradient. One sample is assigned to Cluster 2 and 
six samples are assigned to Cluster 3, the typical Hutton Sandstone signature. This 
evolution from a Na-Cl to a Na-HCO3 dominated groundwater is the same 
evolutionary trend observed for the Clematis Group in cross section 1.  
There is one sample with a Na-Cl water type (Cluster 1) collected from the Cadna-
owie/Hooray aquifer in cross section 2 near the recharge area. The rest of the 
samples collected from this unit are either assigned to sub-Cluster 2a or 2b, similar as 
in cross section 1, indicating a slightly different evolution than described for the 
other aquifers; unlike the groundwaters of the Hutton Sandston and the Clematis 
Group, groundwater within the Cadna-owie/Hooray aquifer evolves towards Cluster 
2 instead of Cluster 3. This distinct difference is also observed vertically (explained 
in the following section). There is one sample in the Betts Creek Beds in cross 
section 2 (Figure 4.9b) which is located in the northern part of the southern Galilee 
Basin. The Betts Creek Beds is not expected to contain coal seams in this area and its 
groundwaters are typically assigned to Cluster 3. A similar trend is observed for the 
Hutton Sandstone in the same area, which may indicate a similar evolutionary trend. 
Conversely, two samples collected from the Betts Creek Beds, which contains coal 
seams and methane, and located along the flow path in cross section 1 are assigned to 
sub-Cluster 2a. Even though insufficient hydrochemical data exist to fully 
characterise the groundwater evolution in the Betts Creek Beds, the available data 
suggest that the hydrochemical evolution of groundwater within the Betts Creek 
Beds will be different in the northern and southern Galilee Basin. 
 
4.5.2.2 Vertical hydraulic relationships between aquifers and aquitard 
The comparison of the scores of PC1 and PC2 with the hydrostratigraphic unit 
membership (Figure 4.10) and clusters-membership (Figure 4.6) reveals new 
relationships and highlights some characteristic differences. A projection of scores in 
PC1 and PC2 for all analyses of the Cretaceous GAB Sequence (Figure 4.10a) shows 
that the upper three units (Winton and Mackunda Formation, and Allaru Mudstone) 
have only positive weightings in PC1 and are mainly assigned to Cluster 1 and, to a 
lesser extent, Cluster 2. In general, these samples have high electrical conductivities. 
In contrast, the basal unit of the sequence (Wallumbilla Formation) has mostly 
negative weightings for PC1 and is characterised by lower salinity groundwaters than 
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the other three units. Wallumbilla Formation groundwaters are also present in 
Clusters 2 and 3. The chemical difference between the Wallumbilla Formation, 
which is the deepest within the Cretaceous GAB Sequence, and the overlaying units 
may be explained by the depth-related progressive evolution of groundwater 
associated to carbonate dissolution (previously described for factor 2 in Cluster 1; 
Figure 4.8.a.2) which is correlated with depth and this Formation in the deepest 
within the Cretaceous GAB Sequence. 
 
 
Figure 4-10: Principal component analysis scores for the different hydrostratigraphic units: a) Units of 
the Cretaceous GAB Sequence, b) Units of the Jurassic GAB Sequence, and c) Units of the Galilee 
Basin. 
 
The assessment of PC1 and PC2 scores for all samples collected from the 
upper three units of the Jurassic GAB Sequence (Cadna-owie Formation, Hooray 
Sandstone and Westbourne Formation; Figure 4.10b) shows that these are 
characterised by mostly positive weightings in PC1 and negative weightings in PC2, 
indicating a slightly brackish character and a dominance of bicarbonate; these 
groundwaters are pre-dominantly assigned to Cluster 2. Groundwater samples of the 
three lower units of the Jurassic GAB sequence (Adori Sandstone, Birkhead 
Formation and Hutton Sandstone) have mostly negative PC1 weightings (indicating 
fresh groundwaters) and positive weightings for PC2 and are predominantly assigned 
to Cluster 3. The observed patterns suggest that there is a clear hydrochemical 
differentiation between the upper and lower units of the Jurassic GAB Sequence 
defined by Habermehl (1980; 2001), which indicates that there is likely to be a 
hydraulic disconnection/separation within the Jurassic GAB Sequence. The major 
difference observed between the upper and lower units is a change between the two 
main factors in Clusters 2 and 3. Degassing of groundwater samples becomes a 
dominant hydrochemical process in the deeper units of the sequence (Cluster 3), and 
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these deeper groundwaters also have median electrical conductivity values and ion 
concentrations up to three times lower than the groundwaters of the upper part of the 
sequence (Cluster 2). 
The PC1 and PC2 scores for all samples of the Galilee Basin and the Hutton 
Sandstone (used as reference) (Figure 4.10c) show that groundwater of the Clematis 
Group (deepest GAB aquifer) has a similar hydrochemical character as the Hutton 
Sandstone, indicating that groundwater of the Clematis Group is similar to the lower 
part of the Cretaceous GAB Sequence. The Clematis Group and Hutton Sandstone 
are separated by the Moolayember Formation (uppermost Galilee Basin unit), which 
contains saline groundwater assigned to Cluster 1 with mostly positive PC1 and PC2 
weightings. These considerable hydrochemical differences suggest that there is likely 
to be a hydraulic disconnection between the aquifers. Groundwaters of the Dunda 
Beds have a distinct hydrochemical character as well, marked by mostly negative 
weightings in PC1 and positive weightings in PC2 and the assignment of most 
samples to Cluster 4. This unit is locally present at the eastern boundary of the study 
area (Figure 4.3) where the Galilee Basin units crops out (outside GAB limits), and it 
is considered as an equivalent of the upper Rewan Group (Figure 4.2; Vine 1976) but 
has never been described in detail. Groundwater within the Betts Creek Beds (BCB), 
the primary target of CSG exploration in the Galilee Basin, are assigned to Clusters 2 
and 3. The only two coal seam gas water samples collected from the BCB are 
assigned to Cluster 2 and show higher ion concentrations than the mean values of the 
BCB near the recharge area and compared to the Triassic GAB units located above it 
in the stratigraphic sequence. Based on these two samples, it appears that the 
chemical character of water in the GAB is different to their overlying units. 
However, more samples are required for a more representative overview. 
 
4.5.3 Proposed Revision of Hydrochemical GAB Sequence 
 
Groundwater samples collected from the units of the Cretaceous GAB 
Sequence defined by Habermehl (1980) (herein called the Upper GAB Sequence) are 
assigned mostly to Cluster 1 (Figure 4.10a), which is marked by brackish Na-Cl 
water type resulting from evapotranspiration during groundwater recharge. The basal 
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unit of this sequence, the Wallumbilla Formation (commonly considered as an 
aquitard), shows a different chemical character with fresher groundwaters of the Na-
HCO3 water type and groundwaters of the Wallumbilla Formation are commonly 
assigned to Clusters 2 and 3. This difference in the sequence represents the transition 
from groundwater where the hydrochemical evolution is dominated by 
evapotranspiration towards a groundwater composition influenced by carbonate 
dissolution and the presence of CO2. 
In contrast, PCA scores (Figure 4.10b) and cluster membership of groundwater 
samples collected from units within the Jurassic GAB  Sequence as defined by 
Habermehl (1980; 2001) indicate that there is a change which is likely to be 
associated with hydrochemical processes within the aquifers. Hence, we suggest that 
this sequence can be sub-divided further into two groups herein called Middle and 
Lower GAB sequences.  
The Middle GAB Sequence, which includes the Wallumbilla and Cadna-owie 
formations, Hooray Sandstone and Westbourne Formation (Figure 4.2 and Figure 
4.11), contains primarily groundwaters of Cluster 2 (Figure 4.6 and 4.10b), which are 
characterised by a  dominance of Na-HCO3-Cl type and are slightly brackish.  
Aquifers  of  this  group  contain  gas  (mostly CO2),  and  carbonate  dissolution  is  
 
 
Figure 4-11: Proposed hydrochemical groups for the Great Artesian Basin based on multivariate 
analysis. (*): Mean TDS value for all the Betts Creek Beds samples. In the CGS water samples the 
mean TDS is 1650 mg/L. 
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controlled by bicarbonate enrichment which increases with depth and may be also 
caused by methanogenesis. The Lower GAB Sequence (including the Adori 
Sandstone, Birkhead Formation, Hutton Sandstone and Clematis Group; Figure 4.2 
and Figure 4.11) is dominated by groundwaters assigned to Cluster 3 (Figure 4.6 and 
Figure 4.10b). Aquifers of this group may contain more gas than the overlying 
sequences as suggested by the significance of degasification processes highlighted by 
the FA (Figure 4.8c.1). In addition, groundwaters within this group are up to three 
times fresher than those of the Middle GAB aquifer sequence. The Moolayember 
Formation, which separates the Hutton Sandstones and Clematis Group (Figure 
4.11), has a contrasting chemical character compared to the rest of the Lower GAB 
aquifers. This may indicate a partial disconnection between these aquifers; however, 
the data presented in this study are not sufficiently conclusive to postulate a 
disconnection because all groundwater samples collected from the Moolayember 
Formation were sourced from the shallower parts of the aquifer close to the recharge 
area, whereas the samples of the Hutton Sandstone and Clematis Group were 
predominantly collected from deeper parts of the basin. However, a mineralogical 
study (Grigorescu, 2012) identifies the Moolayember Formation as a good seal for 
carbon storage due to its beneficial textural and compositional properties. This 
independently confirms that there the Moolayember Formation hydraulically 
separates the Clematis Group and the Hutton Sandstone. 
 
4.6 CONCLUSIONS 
 
Understanding how aquifers are connected and how the hydrochemistry of 
groundwater evolves within aquifers from the recharge area to deeper parts of the 
basins, is very important for the management of groundwater resources in 
sedimentary basins. In particular, where aquifers are considered for coal seam gas 
extraction, obtaining a baseline understanding of hydraulic connectivity between 
aquifers and between coal seams and adjacent units is critical. In this study, we show 
and illustrate how the complementary use of different multivariate statistical analysis 
techniques (Hierarchical Cluster Analysis, Principal Component Analysis and Factor 
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Analysis) can be used as an effective method for the differentiation of groundwater 
types and groundwater groups within the Eromanga and Galilee basins, which form 
part of the Great Artesian Basin (GAB) in central Queensland, Australia. This 
approach allowed the assessment of vertical changes within the lower GAB aquifer 
sequences, and the identification of key hydrochemical and hydrological processes 
occurring throughout these sequences.  
Based on the hydrochemical assessment conducted during this study (e.g. 
assessment of dominant water type, hydrochemical processes, groundwater evolution 
and CO2 content), a revision of the GAB Aquifer sequence is proposed in this paper. 
While previous studies often defined two distinct hydrochemical sequences, we 
suggest that the GAB in this area is composed of three hydrochemical sequences. 
Four different water types have been identified using HCA in the study area, 
where three of them characterise different groups within the GAB with a fourth 
group containing mostly Galilee Basin groundwater samples, collected near the 
recharge area and outside the extent of the GAB.  
The main hydrochemical processes occurring in the area have been identified 
through the use of FA. Generation of carbonate species is a significant factor 
occurring in GAB groundwaters. This may occur by CO2 dissociation in the Upper 
GAB Sequence or by carbonate dissolution in the Middle and Lower GAB 
Sequences and in the Galilee Basin recharge area. This process has also resulted in 
dissociation into CO2 gas within the same aquifer group, which was evidenced 
during sampling at the surface and later corroborated by FA. The high salinity of 
groundwater in shallow aquifers near the GAB recharge areas is explained by 
evapotranspiration of infiltrating precipitation, which results in an increase of the ion 
concentration and particularly Na+, Ca2+, Mg2+ and Cl- concentrations.  
The general patterns observed from two cross-sections suggests that 
groundwater ion concentration typically increases due to evapotranspiration near the 
recharge area, whereas carbonate dissolution (as the main hydrochemical process) 
appears to be the most significant control of groundwater evolution along the flow 
path. In addition, the assessment of the vertical distribution of groundwater chemistry 
patterns along these flow paths helped to identify an area where inter-aquifer mixing 
is likely to occur between the Hutton Sandstone (one of the major aquifers within the 
GAB) and the Betts Creek Beds. This potential area of inter-aquifer connectivity is 
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located near the Hulton-Rand Structure, a major geological structure within the study 
area, suggesting that there is a possible control of faults on connectivity.  
The integration of the hydrochemistry into a 3D geological model helped to 
understand the spatial patterns of hydrochemical evolution and provided valuable 
information on hydrological and hydrochemical processes within the aquifers of the 
Galilee and Eromanga basins. This integrated approach highlights where sufficient 
understanding of hydrochemical and hydrological processes exists, and informs 
groundwater management where more targeted groundwater monitoring programs 
are required in the future. 
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Abstract 
Groundwater recharge processes, water-rock interaction and the hydraulic 
connectivity between aquifers of the Galilee and Eromanga basins in central 
Queensland, Australia, were investigated using stable (δ2H, δ18O, δ13C and 87Sr/86Sr) 
and radiogenic (36Cl) isotopes and dissolved methane concentrations, complemented 
by major ion chemistry. The central Eromanga and the upper sequence of the Galilee 
basins are both sub-basins of the Great Artesian Basin (GAB), and the coal seams of 
the Galilee Basin are currently explored for their potential for coal seam gas. In order 
to understand the potential influence of depressurisation of coal seams required to 
release the gas on adjacent aquifers, a detailed understanding of recharge processes 
and groundwater hydraulics of these basins prior to any development is required. 
Each of the different isotope systems were used in this study can provide different 
information on specific processes. For example, the assessment of δ13C and 87Sr/86Sr 
ratios suggested that carbonate dissolution is one of the major processes controlling 
the water chemistry within some aquifers. In addition, the combined assessment of 
δ2H, δ18O and major ion chemistry indicates that transpiration is the primary process 
controlling the solute concentration in the GAB recharge area, whereas evaporation 
appears to be less significant. Groundwaters in the Galilee Basin recharge area 
(outside the limits of the GAB) are different to any groundwater within the GAB 
units. This difference is attributed to the dissolution of potassium-bearing micas, 
which are absent in the GAB. Groundwater age estimates based on 36Cl/Cl ratios 
suggest that there is a steady increase along the flow paths, and this lack of 
anomalous age estimates from the recharge areas to the deeper parts of the basin 
indicates that there is no evidence for inter-aquifer mixing. However, dissolved 
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methane concentrations and groundwater chemistry near faults indicates the potential 
mix of gas and/or water from the coal seams into the GAB groundwaters, suggesting 
that there may be local influence of faults as gas/water conduits. 
 
Keywords 
Galilee Basin, Eromanga Basin, Great Artesian Basin, environmental isotopes, 
methane, silicate dissolution 36Cl/Cl ratio, groundwater age. 
 
5.1 INTRODUCTION 
 
Understanding hydrochemical and hydrological processes such as groundwater 
recharge, water-rock interaction, methanogenesis and groundwater mixing between 
different aquifers is an integral part of groundwater management. In heterogeneous, 
regional-scale aquifer or aquifer/aquitard systems, the usefulness of the simultaneous 
application and interpretation of hydrochemistry and stable and radiogenic isotope 
variations as powerful natural tracers to study groundwater evolution and resolve 
hydrogeological problems has been recognised during the last two decades (e.g. 
Woods and Sanford, 1995; Edmunds et al. 2003; Uliana et al. 2007; Cartwright et al. 
2007; Cartwright et al. 2010; Liu et al. 2015; Raiber et al. under review).  
In this study, we have used environmental isotopes together with major ion 
chemistry to constrain water-rock interaction, groundwater recharge processes and 
hydraulic connectivity between different aquifers in the Galilee and Eromanga 
basins, which are part of the Great Artesian Basin in central Queensland, Australia 
(Figure 4.1). 
The Galilee Basin is a Carboniferous-Triassic sedimentary basin that contains 
interbedded sedimentary successions of sandstones, siltstones and mudstones, with 
coal seams restricted to two of their stratigraphic units. It is overlain by the 
Eromanga Basin, a sedimentary basin that has formed during the Jurassic and 
Cretaceous and where no significant coal seams of commercial interest are present.  
The upper sequences of the Galilee Basin and the Eromanga Basin are both 
part of the Great Artesian Basin (GAB), a major groundwater system in Australia 
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which contains groundwater resources dated at more than 1 Ma in age (Bentley et al. 
1986b). The coal bearing units of the Galilee Basin have been an exploration target 
for coal seam gas (CSG) since 2010. Gas contained within the coal-bearing units is 
adsorbed in the coal pore matrix and cleats, and held in place by the high hydrostatic 
pressure. To develop the gas, it is necessary to extract formation water (the volume 
depends on the hydraulic properties of the rock) to reduce the hydrostatic pressure 
and extract the gas, which can then flow to the surface with the water. As the Galilee 
Basin is overlain by the Eromanga Basin which host some of the most important 
aquifers of the GAB, it is very important to understand whether the coal seams may 
be hydraulically connected with the aquifers, and to assess whether the 
depressurisation of the coal seam gas target units can potentially impact the quantity 
or quality of the groundwater resources in the GAB. At present, only pilot testing but 
no commercial exploitation of CSG has occurred in the Galilee Basin. While 
groundwater from the GAB has been extracted for more than 100 years for domestic 
and agricultural purposes and is therefore not in natural equilibrium the Galilee Basin 
could be used as an example to establish the pre-CSG development character of 
hydraulic connectivity between coal seams and aquifers. Knowledge of the pre-
development baseline conditions is of importance for future management, in 
particular as no detailed hydrogeological studies have been carried out in the Galilee 
Basin.  At this time, only the chemical character of the overlying Triassic units is 
known from limited groundwater chemistry data from bores screening these units. 
Several isotopic studies targeting the GAB groundwaters have also been reported 
(Airey et al. 1979; Calf and Habermehl, 1984).   
The use of environmental isotopes confirmed the meteoric origin of 
groundwater. A comprehensive hydrochemical study also including δ13CDIC was 
conducted for the Lower-Cretaceous aquifer Sequence of the GAB, leading to the 
identification of the main carbon sources, as well as the principal hydrochemical 
processes affecting the entire GAB (Herczeg et al. 1991). Collerson et al. (1988) 
studied the distribution of 87Sr/86Sr in the GAB, and  identified two areas of distinct 
87Sr/86Sr signatures, of which one is characterised by low radiogenic 87Sr/86Sr ratios 
near the recharge area, and the other with 87Sr/86Sr ratios similar to modern seawater 
(0.7092; Dia et al. 1992) in the central part of the basin. As groundwater is expected 
to be very old in some parts of the GAB, methods attempting to date old water have 
 104 Chapter 5: Inter-aquifer mixing 
 
been applied to the GAB. The first of these methods, 36Cl, was applied by Bentley et 
al. (1986b) assuming that the groundwater is as old as 1 million years. Later, Collon 
et al. (2000) used 81Kr as a tool for dating very old groundwater and Lehman et al. 
(2003) compared different methods (36Cl, 81Kr and 4He) of dating groundwater 
collected from four wells in the western GAB. 
The isotopes of the carbon system (e.g. δ13CDIC) can be used to identify 
hydrochemical processes and sources of carbon. They are particularly valuable to 
distinguish between carbon derived from organic matter (isotopically lighter) and 
carbon derived from carbonate minerals (isotopically heavier) (e.g. Clark and Fritz, 
1997; Kendall and McDonnell, 1998). In addition, carbon isotopes are also very 
useful in understanding the origin of secondary carbonate minerals. In sedimentary 
basins containing coal or ligneous clays, methanogenesis can produce elevated δ13C 
signatures in groundwater. For example, significantly enriched δ13C signatures of -
6‰ in the GAB (Herczeg et al. 1991; Smith and Pallasser, 1996), and up to +34‰ in 
the United States and Canada (Aravena et al. 1995; Martini et al. 1996; Aravena et 
al. 2003) have been reported.  Such studies show that the analysis of carbon isotopes 
can help to identify groundwater that has been in contact with coal or mixing of 
groundwater from different aquifers.  
Sr isotopes can contribute to the understanding of aquifer mixing when 
groundwater flows through lithologies with distinctive 87Sr/86Sr ratios and water-rock 
interaction (Negrel et al. 2001; Grobe and Machel, 2002; Negrel, 2006; Shand et al. 
2009; Raiber et al. 2009) and it is particularly useful to study silicate-dominated 
aquifers (e.g. Harrington and Herczeg, 2003; Cartwright et al. 2007). In the case of 
the 87Sr/86Sr ratio the decay of the radioactive alkali metal 87Rb (half life of 48.8 Ga) 
forms 87Sr, and it is related to potassium geochemistry, because Rb substitutes for K 
in minerals, while Sr substitutes for Ca (McNutt, 2000). Both 87Rb and 87Sr will 
therefore be high in K-rich rocks, resulting in a high 87Sr/86Sr ratio in groundwater 
that has interacted with these rocks. Sr isotopes are not fractionated by mineral 
precipitation and dissolution as are environmental isotopes (de Caritat et al. 2005; 
Cartwright et al. 2007). There are only a few exceptions such as brine systems or 
crystalline-rock aquifers (Harrington and Herczeg, 2003), and when they differ from 
a seawater signature this may reflect the Sr signature of lithology/minerals through 
which the groundwater passed (Dromagaci and Herczeg, 2002). In terrains where 
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calcite dissolution occurs the combination of 87Sr/86Sr ratios with δ13C have proved 
to be an excellent tool to trace inter-aquifer mixing (e.g. Katz and Bullen, 1996; 
Dromagaci and Herczeg, 2002; Cartwright et al. 2010; Cartwright et al. 2012; 
Hofmann and Cartwright, 2013).  
Chlorine-36 is a radiogenic isotope with a half-life of 3.01 ± 0.04 × 105 years. 
Because of its slow decay, 36Cl has a potential dating range of more than 2 million 
years. It has a high electron affinity and a hydrophilic character. Chlorine-36 is 
therefore an excellent natural tracer for identification of old groundwater reservoirs, 
where groundwater flows through aquifers with only minimal chemical interaction 
(Bentley et al. 1986b; Torgersen et al. 1991).  
As 36Cl covers a broader time scale than 14C, it is particularly useful in deep 
sedimentary basin aquifers containing old groundwater such as observed in the GAB. 
Another disadvantage of 14C is the chemical reactivity of bicarbonate, its principal 
chemical form; this factor complicates the determination of the initial 14C, whereas 
36Cl is highly soluble in water and has a simpler geochemistry (Bentley et al. 1986a).  
This current Chapter extends the work presented in Chapters 3 and 4, which 
involved the development of a 3D geological model of the central part of the Galilee 
and Eromanga basins and a multivariate statistical assessment of the hydrochemical 
evolution within these basins. In this study, I use multiple isotopes (δ2H, δ18O, δ13C, 
87Sr/86Sr, and 36Cl) to assess aquifer connectivity between coal seams and the GAB, 
but also within the GAB aquifers on a regional scale. Dissolved methane 
concentrations are used to study inter-aquifer mixing along two faults (e.g. Hulton-
Rand Structure and Maranthona Monocline) at a local scale. An additional aim is to 
confirm the hydrochemical processes previously identified in Chapter 4. 
 
5.2 GEOLOGICAL AND HYDROGEOLOGICAL SETTING 
 
The study area is located within the central Eromanga part of the GAB. It 
comprises the Galilee and Eromanga basin units, which are both part of the GAB 
(Ransley and Smerdon, 2012; Figure 4.1). Both basins are composed of an 
interbedded succession of sandstones (aquifers), siltstones and mudstones 
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(aquitards), as well as various formations composed of shales and coal seams.  The 
main hydrostratigraphic succession of both basins is presented in Figure 4.2. The 
GAB recharge zone occurs in the eastern part of the study area, whereas recharge of 
the Galilee Basin units occurs to the east of the GAB limits (Figure 5.1). Average 
precipitation in the recharge area is 600 mm/year, and the climate is dominated by 
wet summers and dry winters (Herczeg et al. 1991). In the central Eromanga Basin 
area recharge rates  range between 0.5 to 100 mm/year,  increasing to a maximum of  
 
 
Figure 5-1: Distribution of the groundwater bores sampled during this study and spatial relationship 
with the main regional geological structures. Abbreviations used are:  WS, Weatherby Structure; CF, 
Cork Fault; DF, Dariven Fault; MM, Maranthona Monocline; HRS, Hulton-Rand Structure; TS, Tara 
Structure; SF, Stormhill Fault; WLS,  Westland Structure; CWF, Canaway Fault. Datum GDA 1994 
MGA Zone 54. 
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up to 400 mm/year (McMahon et al. 2002; Kellet et al. 2003).  Groundwater flow 
directions within the GAB are highly variable. In the study area, potentiometric 
surface maps of the Hooray Sandstone and Cadna-owie Formation suggest that 
groundwater flows largely towards the west (Radke et al. 2000; Ransley and 
Smerdon, 2012; Smerdon and Turnadge, in press). The GAB has been divided in two 
sequences based on the potentiometric surfaces of aquifers: the Lower Cretaceous-
Jurassic Sequence, which is composed of artesian aquifers, and the Cretaceous 
Sequence, which includes sub-artesian aquifers (Habermehl 1980; Ransley and 
Smerdon 2012). The 3D geological model developed in Chapter 3 enabled evaluation 
of displacements along many regional faults and an indication of how groundwater 
flow may be affected by such geological structures. This assessment lead to the 
identification of four types of potential hydraulic pathways: (a) aquifer 
compartmentalisation, (b) juxtaposition of aquifers and aquitards, (c) aquifer-aquifer 
connectivity and (d) abutment of aquifers against basement barriers. In addition, a 
case where possible inter-aquifer mixing between the Betts Creek Beds and Hutton 
Sandstone occurs to the north of the Hulton-Rand Structure was also recognised in 
Chapter 4 (Figure 5.1). 
 
5.2.1 Hydrochemistry 
 
The two sequences defined originally by their potentiometric surfaces are also 
characterised by different hydrochemical character, and hence can represent 
hydrochemical groups (Ransley and Smerdon, 2012). These two sequence groupings 
have been used in various hydrochemical studies of the GAB over the last the 
decades (Habermehl 1980, 1983, 1986, 1996, 2001; Herczeg et al. 1991, Reyenga et 
al. 1998; Radke et al. 2001; Ransley and Smerdon, 2012). A revision of these 
hydrochemical sequences based on a multivariate statistical assessment of all 
hydrochemical data is suggested in Chapter 4. With the use of Hierarchical Cluster 
Analysis (HCA), four distinct groups with different water types were recognised. 
Three of these groups include the GAB groundwaters and the fourth group comprises 
groundwaters of the Galilee Basin units near the recharge area.  
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The chemical groups (clusters) presented in Chapter 4 are discussed here to 
explain some isotopic patterns and understand hydrological processes. In addition to 
HCA, Principal Component Analysis (PCA) was used to assess how the three groups 
identified in the GAB groundwaters are related to stratigraphic units. This approach 
allowed the subdivision of the Lower Cretaceous-Jurassic Sequence of the GAB into 
two sequences, leading to a revision of the GAB hydrochemical sequence into an 
Upper, Middle and Lower GAB sequences. This subdivision of GAB hydrochemical 
sequences is used in this current study.  
 
5.3 SAMPLING AND ANALYTICAL METHODS 
 
Sixty groundwater samples were collected between March and September 2013 
from groundwater bores in the GAB for analysis of chemistry and isotopes.  Thirty-
nine of these samples were from bores screened in the Galilee Basin, both within and 
outside the GAB limits, and the other twenty-one bores are screened in the Middle 
and Lower GAB sequences (as introduced in Chapter 4). Samples in the Upper GAB 
Sequence were not included in this present study as they are outside the scope of this 
chapter. In addition, seven groundwater samples were collected in December 2014 
for the analysis of major ions and dissolved methane concentrations; one of these 
samples coincides with a sample of the isotopic study (RN-93883).  
The goal of this sampling program was to address the heterogeneity within the 
sampled aquifers.  This aspect was achieved by selecting bores with only one 
screened interval targeting a single aquifer to assure that the sampled groundwater is 
representative of the aquifer. In addition, three samples collected by AGL Energy 
Ltd. in April 2012 were also included in this study, two of which were collected from 
the Betts Creek Beds (from a coal seam gas pilot) and one from the Hutton 
Sandstone 800 m away from the pilot testing site. All samples were collected from 
capped artesian bores and sampling was done after pH, electrical conductivity (EC) 
and Eh had stabilised in the bore. EC, pH, Eh, TDS, dissolved oxygen (DO) and 
temperature were monitored in the bore head using a YSI ProPlus Water Quality 
Meter. 
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Samples for major and minor cations were collected in new 125 mL HDPE 
bottles and acidified to approximately pH 2 using HNO3 (diluted at 1%) and filtered 
with 0.45 µm membrane filters. Major cations were analysed by Inductively Coupled 
Plasma Optical Emission Spectrometry (ICP-OES) and metals by Inductively 
Coupled Plasma Mass Spectrometer (ICP-MS) at Symbio Alliance Brisbane. Anions 
were collected in new 250 mL HDPE bottles and required no further treatment 
(acidification or filtering) prior to their analysis. Anions were analysed by 
Colorimetric analysis at Symbio Alliance Brisbane and automatic titration for 
alkalinity. 
 
5.3.1 Isotopes 
 
Environmental isotopes (δ2H and δ18O) were analysed using a Los Gatos 
Liquid Water Isotope Analyser at Queensland University of Technology.  Four 
standards (three Los Gatos standards and V-SMOW) were used with δ18O ranging 
from - 2.8 ± 0.15‰ and -19.5 ± 0.15‰ and δ2H ranging from -9.5 ± 0.5‰ to -154.3 
± 0.5‰, and the reported precision of the analyses is ±0.1‰ (δ18O) and ±1‰ (δ2H).  
The δ13C of dissolved inorganic carbon (DIC) was analysed at the University 
of Florida using a Thermo Finnigan DeltaPlus XL isotope ratio mass spectrometer 
with a GasBench II universal on-line gas preparation device.  The water samples 
were injected into septum top vials that contain 0.5 ml phosphoric acid and are filled 
with helium.  This acidification released all DIC into the headspace and the mixture 
of CO2 and He was sampled by the GasBench II where CO2 and any N2 were 
separated by a GC column prior to being measured on the mass spectrometer. The 
reported precision for δ13C-DIC is ±0.2‰.  
Strontium isotopes were analysed using multi collector-inductively coupled 
plasma mass spectrometry (MC-ICP-MS) at the University of Melbourne (45 
samples) and using thermal ionisation mass spectrometer (TIMS) in static mode at 
the University of Adelaide (18 samples). The analysis at the University of Melbourne 
was conducted following the methods adapted from Maas et al. (2005) and Crook et 
al. (2013). Water was filtered (0.45 µm), and 10-20 mL of filtered water was dried 
for each sample, followed by extraction of Sr on a small (0.15 mL) column of 
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EichromTM Sr resin. The procedural blank from this procedure is <0.2 ng and 
negligible relative to sample sizes of approximately 1000 ng. Sr isotope ratios were 
measured on a Nu Plasma multi-collector ICP-MS using sample introduction via a 
Cetac Aridus desolvating unit, after correction for baselines and isobaric interference 
from krypton and rubidium, raw isotope ratios were corrected for instrumental mass 
bias by internal normalisation to 88Sr/86Sr=8.37521. Final 87Sr/86Sr ratios were 
adjusted to be consistent with SRM987=0.710230 and have internal (2se) and 
external (2sd) precisions of ≤0.000020 and 0.000040, respectively. Two laboratories 
were used only for availability issues at time of analysis but not for technical or 
reliability factors. 
The analysis at the University of Adelaide was conducted on a Finnigan MAT 
262 TIMS in static mode using the methods described by Cartwright et al. (2007). 
Sufficient water to yield a minimum of 1–2 μg Sr was evaporated to dryness. The 
residue was dissolved in 2 mL of 6 M HCl, evaporated to dryness, and redissolved in 
2 M HCl. Sr was extracted from centrifuged supernatant using cation exchange 
columns and Biorad AG50W X8 200–400 mesh resin. Isotope analyses were carried 
out on a Finnigan MAT 262 thermal ionisation mass spectrometer in dynamic mode. 
88Sr/86Sr was normalized to 8.375209. Analyses of the standard SRM 987 gave 
87Sr/86Sr ratios of 0.710260 ± 0.000009 (1σ). The Sr procedural blank was taken as 
1 ng and not significant. 
R36Cl (where R36Cl = 36Cl/Cl×1015) values were determined by AMS using the 
14UD accelerator at the Australian National University and the techniques described 
by Fifield et al. (2010).  The 36Cl concentration is controlled by the following 
processes: 1) Geographic variations in the production of atmospheric 36Cl; 2) 
Evapotranspiration affecting the Cl and 36Cl concentration in recharged groundwater; 
3) Halite dissolution; 4) In situ formation of 36Cl; and 5) Nuclear bomb 36Cl (Mazor, 
1997). Chlorine-36 is not only useful because of its dating capacity, but R36Cl values 
are also a helpful tool to study dissolution of old halite and/or evapotranspiration. In 
the latter case, R36Cl remains mostly unaltered when salinity increases (Cartwright et 
al. 2006). 
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5.4 RESULTS AND DISCUSSION  
 
Hydrochemical patterns of the Galilee and Eromanga basins were described in 
Chapter 4, identifying the main hydrochemical processes controlling water 
chemistry. Evapotranspiration and ion exchange were recognised as major processes 
controlling the chemical evolution in the recharge area of the GAB, and with 
increasing distance from the recharge area there is a shift to carbonate dissolution 
which is also related to depth. That previous study also identified dissolved gas 
within the GAB groundwaters (mostly CO2), as degasification occurs when 
groundwater is exposed to atmospheric conditions.  
Based on a multivariate statistical analysis, GAB groundwaters (i.e. Eromanga 
Basin) were separated into three hydrochemical sequences (Upper, Middle and 
Lower). Groundwaters of the Galilee Basin recharge area were found to be 
hydrochemically distinct from the groundwaters of the GAB. 
 
5.4.1 Isotopes 
 
5.4.1.1 Environmental isotopes 
Stable isotopes of oxygen and hydrogen can help to differentiate between 
evaporation, which fractionates these isotopes, and the non-fractionating process of 
transpiration (Cartwright et al. 2012). Previous studies on environmental isotopes 
within the study area by Airey et al. (1979) and later by Calf and Habermehl (1983) 
identified the meteoric origin of solutes of the GAB groundwaters. This has also 
been confirmed by Cl/Br ratios of groundwaters analysed during this study, which 
are within a similar range to seawater values, suggesting that there is no or only 
minor halite dissolution.  
There are no rainfall stations with continuous rainfall isotope data within the 
study area. The closest rainfall station where isotopes are measured is located at 
Charleville, 386 km southeast from Longreach (Crosbie et al. 2012), the central town 
in the study area, and close to the south limit of the study. Even with the distance 
separating both locations, climatic conditions in Charleville are similar to the study 
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area. In contrast, the second closest rainfall station where isotopes are measured at 
Rockhampton (640 km from Longreach) is located near the coast and is characterised 
by much higher rainfall and humidity than central Queensland. The Local Meteoric 
Water Line (LMWL) at Charleville is represented by the line δ2H = 8δ18O +11.2, 
which of all rainfall stations across Australia is the closest line compared to the 
Global Meteoric Water Line (GMWL, represented by δ2H = 8δ18O +10 as defined by 
Craig, 1961). Stable isotope results for groundwater collected during this study from 
the Galilee and Eromanga basin aquifers are presented in Table 5.1. Groundwater 
δ2H signatures in this study range from -47.83‰ to -28.71‰ and δ18O values range 
from -8.9‰ to -4.3‰.  
Evapotranspiration was identified in the study by Herczeg et al. 1991 and also 
in Chapter 4 as a major control of the enrichment of ions in groundwater, particularly 
in the Upper GAB Sequence.  Many samples are slightly displaced to the right from 
the GMWL (Figure 5.2), and one sample from each basin is more significantly 
displaced to the right from the GMWL, suggesting a higher degree of evaporation, 
but is not relevant in the bulk of the data, as these samples correspond to the Middle 
and Lowers GAB  sequences only.  Figure 5.3 shows that δ18O  values are  relatively  
 
 
Figure 5-2: δ18O vs. δ2H of the Galilee and Eromanga basins groundwater. GMWL: global meteoric 
water line. 
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Table 5-1: Concentrations of dissolved Na+, Cl-, HCO3- and Sr+, and isotopic compositions δ2H, δ18O, 
δ13C and 87Sr/86Sr of the groundwater samples used in this study. 
SampleID pH EC Na Cl HCO3 Sr δ18O δ2H δ13C 87Sr/86Sr
uS/cm mg/L mg/L mg/L mg/L ‰ ‰ ‰
14103 7.1 282 39.1 69 12 0.0283 -6.44 -45.05 -12.15 0.71525
14154 8.28 676 185 85 133 0.0989 -6.29 -41.01 -18.35 0.70565
23043 7.4 492 71.8 70 145 0.28 -6.34 -39.73 -13.09 0.71379
93883 8.37 922 221 46 386 0.1391 -6.99 -47.25 -3.64 0.71095
103170 7.07 416 53.3 78 12 0.038 -5.79 -37.95 -13.54 0.71736
89327 7.73 1592 257 427 110 0.4461 -5.15 -36.12 -13.83 0.70923
103120 7.51 1254 151 329 62 0.116 -5.55 -37.06 -9.07 0.70925
12030144 7.43 2082 366 494 242 0.857 -5.89 -39.05 -9.43 0.71066
90217 7.09 5306 861 1369 45 0.3678 -5.96 -38.98 -14.86 0.71063
1175 7.03 729 117 197 33 0.00005 -6.14 -41.86 -14.89 0.70950
69735 6.86 322 46.5 70 15 0.0189 -7.15 -47.42 -14.33 0.71002
103480 7.34 1803 389 327 399 0.5305 -6.20 -41.27 -9.86 0.70639
103008 7.07 8259 1320 2081 288 5.2601 -5.19 -34.97 -12.79 0.70787
38089 6.77 1563 145 380 110 1.2533 -6.45 -42.40 -11.84 0.71004
69547 7.08 7145 1180 1828 650 3.142 -4.70 -31.04 -11.38 0.71084
90490 6.92 1675 255 442 40 0.4618 -5.70 -38.84 -15.71 0.70927
90236 6.56 9239 1340 2917 348 0.1134 -5.73 -37.06 -11.14 0.71141
118658 7.89 333 72.5 30 119 0.0342 -6.57 -41.51 -18.17 0.71011
11445 8.25 1555 384 147 631 0.0449 -6.50 -40.26 -7.68 0.70496
51385 7.96 372 77.1 25 139 0.1362 -6.38 -40.54 -16.17 0.71090
23082 7.8 404 86.1 47 150 0.0698 -6.38 -41.07 -15.77 0.71051
62625 7.5 389 64 78 48 0.0238 -6.04 -39.53 11.48 0.71199
44486 7 214 31.8 58 12 0.0131 -7.10 -47.83 -16.35 0.71656
5375 8.43 1157 263 151 324 0.0342 -6.46 -40.24 -8.64 0.70657
90255 7.37 490 66.6 110 28 0.0632 -5.81 -37.73 -14.54 0.72378
69719 6.92 5115 788 1495 121 1.2272 -5.72 -36.88 -14.47 0.71526
14512 7.63 2222 416 534 86 0.815 -6.06 -40.21 -16.79 0.70594
15406 7.67 2921 577 784 90 0.1257 -5.88 -39.09 -17.16 0.70938
2513 6.82 613 93.2 150 63 0.5529 -5.58 -35.54 -17.65 0.70605
37258 6.67 663 96.7 156 63 0.1997 -5.63 -34.47 -16.35 0.70973
103383 6.62 638 84.3 170 31 0.0354 -6.03 -37.72 -17.22 0.72154
43440 7.22 268 38.8 55 20 0.0346 -6.76 -45.16 -16.74 0.71592
2351 8.3 1127 253 114 392 0.0109 -6.00 -41.89 -9.84 0.71001
12889 8.52 1351 324 118 537 0.0418 -6.10 -37.28 -7.61 0.70498
16203 8.56 735 161 82 200 0.1146 -6.27 -40.33 -16.53 0.70571
62623 6.95 653 115 182 9 0.0726 -6.67 -44.19 -16.44 0.71174
44487 6.57 482 63.7 120 28 0.0568 -5.77 -38.24 -14.91 0.72420
103565 6.66 491 69.9 112 33 0.0627 -5.77 -37.52 -16.8 0.72328
69746 7.75 7815 1500 1993 905 4.5436 -4.29 -28.72 -12.83 0.70861
1238 8.02 407 79.8 65 113 0.0999 -6.36 -40.63 -18.15 0.70992
69628 7.36 4027 566 1097 157 1.8987 -5.77 -39.30 -17.28 0.71303
 
 114 Chapter 5: Inter-aquifer mixing 
 
Table 5.1 continuation 
SampleID pH EC Na Cl HCO3 Sr δ18O δ2H δ13C 87Sr/86Sr
uS/cm mg/L mg/L mg/L mg/L ‰ ‰ ‰
44400 7.4 2382 431 513 204 0.1977 -5.96 -39.03 -15.21 0.71040
69512 8.83 512 108 41 221 0.0094 -7.07 -46.89 -14.86 0.70876
44399 7.02 2474 424 559 115 0.1918 -5.93 -38.99 -14.88 0.71028
118968 7.57 739 83.9 35 216 0.1048 -6.84 -46.87 -14.29 0.71407
2789 6.5 256 22.7 31 68 0.0756 -6.09 -42.07 -16.49 0.71548
118254 7.37 1346 219 237 179 0.4706 -5.45 -40.13 -8.85 0.70636
93887 7.57 1259 206 202 194 0.5375 -6.68 -47.13 -13.19 0.70630
11528 8.98 1320 258 223 177 0.434 -6.94 -47.20 -13.21 0.70583
23489 8.4 1747 399 111 852 0.0082 -8.91 -48.58 -5.2 0.70854
4094 8.37 849 198 89 408 0.0422 -4.92 -37.36 -9.22 0.70559
89369 7.9 1064 93.4 190 221 0.0081 -5.96 -39.00 -10.68 0.71003
69730 7.8 1418 268 266 268 0.0706 -5.83 -39.40 -15.65 0.70619
69731 7.53 2407 386 356 396 0.0766 -5.74 -39.41 -15.64 0.70972
69732 7.73 2406 398 573 123 1.0501 -5.94 -39.33 -15.49 0.70581
12030009 6.47 359 27.2 56 34 0.0255 -6.13 -41.57 -17.72 0.71030
51916 8.2 1782 408 154 710 0.0272 -6.65 -39.75 -6.48 0.70637
1367 8 410 78.1 48 201 0.1133 -5.90 -38.33 -13.92 0.71248
118812 8.1 1100 250 131 547 0.0908 -6.24 -40.39 -7.68 0.70899
93640 7.13 370 29.5 38 167 0.2249 -6.85 -46.94 -13.77 0.72058
GO-01 8.51 988 181 53 1035.6 0.176 -6.10 -39.36 -10.18 0.71008
GA-02 8.12 2316 442 202 888.3 0.766 -6.64 -43.31 6.63 0.71371
GA-04 8.1 2413 471 199 387.2 0.612 -6.74 -43.64 5.98 0.71390
 
 
 
Figure 5-3: Plot of Cl- (mg/L) vs. δ18O (‰) of Galilee and Eromanga basin groundwaters. 
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constant in the study area, with only minor variations in the Galilee  Basin  recharge  
area  (δ18O =  ~  -4‰  to  -5‰),  and   where  chloride concentrations are less than 
200 mg/L, δ18O ranges from -7‰ to -6‰. The increasing overall small variability of 
water isotopes and the small displacements from the meteoric water line suggest that 
transpiration is likely to be the major process that increases solute concentrations. 
This interpretation is in agreement with other studies throughout Australia where a 
dominance of transpiration over evaporation has been observed.  
 
5.4.1.2 Carbon and Strontium isotopes 
  
5.4.1.2.1 Carbon-13 
The groundwater δ13C signatures measured in the study area range between -
18.35‰ to 11.48‰, but only three of these values are positive (all three are 
groundwater samples collected from units of the Galilee Basin). The δ13C values 
within GAB units range between -18.35‰ to -3.64‰, and these values are in 
agreement with values reported from the eastern GAB recharge area by Herczeg et 
al. (1991) and Radke et al. (2000), who assumed that these values represent biogenic 
CO2 production in semi-arid plants. With the exception of the most positive value 
measured during this study (+11.48‰), the δ13C values of groundwater progressively 
increase along the flow path from the recharge area to the deeper part of the basin, 
reflecting the progression of groundwater evolution along the groundwater flowpath. 
These observations are in agreement with previous studies, which also showed that 
the stable carbon isotopic signature of dissolved inorganic carbon (δ13CDIC) observed 
in GAB groundwaters increases from the basin margins to the interior of the basin. 
DIC and alkalinity are known to have a linear relationship, and the variation of δ13C 
is closely related to the changes in HCO3 (Calf and Habermehl, 1984; Herczeg et al. 
1991). 
All negative δ13C signatures are positively correlated with HCO3 (Figure 5.4a), 
possibly reflecting the influence of carbonate dissolution. In contrast, this positive 
relationship does not exist for groundwater samples with positive δ13C values. Two 
of these samples with positive values (5.98‰ and 6.63‰, respectively) are of 
particular interest as they were collected from the Betts Creek Beds (the primary coal 
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seam gas target in the Galilee Basin).  In sedimentary basins (e.g. elsewhere in the 
GAB, in the USA or Canada), positive δ13CDIC signatures of up to 35‰ were 
observed; values above 0‰ are often considered as an indicator of methanogenesis 
(e.g. Scott et al. 1994; Smith and Pallaser, 1996; Aravena et al. 2003).  Herczeg et al. 
(1991) attributed positive δ13C values to CO2 reduction or acetate fermentation. The 
positive δ13C signatures measured on groundwaters from the Beds Creek Beds in this 
study are also likely reflecting the influence of methanogenesis.  
 
5.4.1.2.2. Strontium isotopes 
The groundwater 87Sr/86Sr ratios in this study range from 0.70496 to 0.7242 
and unlike δ13C, 87Sr/86Sr ratios do not show a progressive change along the 
groundwater flow paths (Figure 5.5). Collerson et al. (1988) previously identified 
two groups with distinct 87Sr/86Sr ratios within the GAB, one of them with  low 
87Sr/86Sr ratios and the other group with values close to the Phanerozoic seawater 
standard (0.70923; Burke et al. 1982). In our study, samples collected from GAB 
units mostly agree with the results presented by Collerson et al. (1988), with the 
exception of two radiogenic samples collected from the Westbourne Formation and 
the Hutton Sandstone. Conversely, samples from the Galilee Basin are characterised 
by three groups of 87Sr/86Sr ratios, including both groups identified by Collerson et 
al. (1988). In addition, a third group of more radiogenic values ranging from 0.71525 
to 0.7242 has been identified that has not been reported before from the study area.  
According to Collerson et al. (1988), low radiogenic values (ranging from 
0.7045 to 0.7054) are the result of groundwater interaction in the recharge area with 
young volcanic rocks of the Great Dividing Range, which have low Rb/Sr ratios. In 
contrast, the more radiogenic values (ranging from 0.7060 to 0.7118) may be 
controlled by silicate dissolution within the aquifers. In this study, we suggest that 
87Sr/86Sr ratios close to Phanerozoic seawater (0.70923; Burke et al. 1982) are likely 
related to carbonate dissolution which has been identified as a major hydrochemical 
process in the study area (Herczeg et al. 1991; Chapter 4). 
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Figure 5-4: Groundwater samples from Galilee and Eromanga basins, (a) δ13C vs. HCO3-, and (b) δ13C 
vs. 87Sr/86Sr. 
 
Figure 5.4b, shows a negative correlation between δ13C values and 87Sr/86Sr 
ratios in the GAB groundwaters (negatives δ13C) which is indicative of carbonate 
dissolution in groundwater, when a decrease of 87Sr/86Sr ratios is associated to an 
increase in δ13C values (Dromagaci and Herczeg, 2002; Hofmann and Cartwright, 
2013). Carbonate dissolution was previously identified as the main hydrochemical 
process within the study area and Figure 5.4b confirms this finding. At least half of 
the dataset follow the carbonate dissolution trend, but the second half cannot be 
explained by it. The three positive δ13C are not part of this trend in Figure 5.4b as 
they are explained by methanogenesis and this process only affects δ13C values but 
not 87Sr/86Sr ratios (Hofmann and Cartwright, 2013). 
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Figure 5-5: Area of radiogenic 87Sr/86Sr (>0.715) in the Galilee and Eromanga basins groundwaters. 
Datum GDA 1994 MGA Zone 54. 
 
When the Sr/Cl ratio is higher than in seawater and there are no Cl bearing 
minerals in the system this is indicative of Sr excess that cannot be explained by 
evaporation only (Harrington and Herzeg, 2003). Figure 5.6a shows that 
approximately half of the samples in this study area have Sr/Cl (mass) ratios higher 
than the seawater ratio.  This result indicates that a component of Sr is likely to be 
linked to evapotranspiration processes that occur during groundwater recharge, but 
also that there is another component derived from an additional Sr source. The same 
pattern is observed for the Sr/Na ratio (Figure 5.6b), which is higher than the 
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seawater ratio for at least half of the samples. Carbonate dissolution was identified in 
at least half of the dataset in Figure 5.4b but the second half could not be explained 
by the relationship between δ13C values and 87Sr/86Sr. Where the Sr/Na ratio is low, it 
is likely related to dissolution of Na bearing silicates, whereas high Sr/Na ratios are 
typically related to carbonate dissolution (Harrington and Herzeg, 2003; de Caritat et 
al. 2005), suggesting than these two processes are likely to occur in the study area, 
and particularly the second half of Figure 5.4b may be explained by weathering of 
Na bearing silicates. A comparison of Sr/Na ratios and 87Sr/86Sr ratios (Figure 5.6c) 
indicates that samples influenced by silicate dissolution may be identified in the area 
of low Sr/Na ratios and high 87Sr/86Sr ratios (>0.715).  Of note, de Caritat et al. 
(2005) highlighted that dissolution of silicates is a significant contributor of Sr to 
groundwater when 87Sr/86Sr ratios are above 0.715. Conversely, these authors also 
suggested that 87Sr/86Sr ratios from 0.712 to 0.715 indicate the influence of carbonate 
dissolution. However, setting the lower limit for carbonate dissolution at 0.712 was 
primarily based on the absence of samples with values below this limit in their study 
area. In contrast, we suggest that the lower 87Sr/86Sr limit indicative of carbonate 
dissolution may be below that identified by de Caritat et al. (2005). 
As noticed all 87Sr/86Sr ratios above 0.715 in the study are likely to be explained by 
silicate dissolution. There are nine groundwater samples with radiogenic values 
between 0.71525 to 0.72420 in the Triassic Galilee Basin units (one in the Rewan 
Group, three in the Dunda Beds, three in the Clematis Group and two in the 
Moolayember Formation). In order to better understand the controls of these more 
radiogenic 87Sr/86Sr ratios, it is important to understand the aquifer mineralogy and 
identify possible K sources in the minerals of the aquifer matrix. Although a 
mineralogical analysis was outside the scope of this study, previous studies have 
analysed the mineralogy within the GAB. For example, Herczeg et al. (1991) 
analysed 15 core samples in sandstones and siltstones of the GAB, identifying  the 
following minerals in  order  of relevance:  quartz,  kaolinite,  illite and  smectite 
with  minor calcite, albite and K-feldspar. Even though K-feldspar was present only 
in minor quantities, its low degree of alteration suggested that minor reaction with 
groundwater has occurred. In contrast, albite was completely sericitized as observed 
by petrographic examination (Herzeg et al. 1991). This difference may explain the 
absence of radiogenic 87Sr/86Sr ratios in the GAB groundwaters. 
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Figure 5-6: Groundwater samples from Galilee and Eromanga basins, (a) Sr/Cl vs. Cl, (b) Sr/Na vs. 
Cl, and (c) 87Sr/86Sr vs. Sr/Na. 
 
In another mineralogical study, Grigorescu (2012) conducted a comprehensive 
assessment of the mineralogy of the southern Galilee Basin. In the Rewan Group, 5-
12% of feldspars were identified (dominated by K-feldpar), and 15-33% of minerals 
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were micas. In the Dunda Beds, a mean of 35% of mica was present in siltstones. In 
the Clematis Group, a mean of 25% of mica was noted, with a considerably higher 
proportion of mica (48%) reported for one sample. In the Moolayember Formation, 
mica ranged between 5% to 19% and feldspar form 3% to 19%. Interestingly, a 
similar presence of a considerable proportion of mica was not identified in the GAB 
units. The majority of the most commonly occurring micas (i.e. muscovite and 
biotite) are K-bearing minerals. These K-bearing minerals are more reactive and 
more prone to weathering than K-feldpar. Potassium released to the groundwater 
may be explained by the reaction: 
 
2 K-mica + 5 H2O → 3 kaolin + 2 K+ +2 OH- 
 
There are two samples in Betts Creek Beds (Galilee Basin units) in this study 
with 87Sr/86Sr ratios ~0.713 which are not sufficiently radiogenic to be characteristic 
of silicate dissolution. The main mineralogical difference between the Betts Creek 
Beds and the Triassic units of the Galilee Basin is the absence of mica (Grigorescu, 
2012). This suggests that silicate dissolution is probably dominated by dissolution of 
micas which are more abundant than K-feldspar and can more easily react when in 
contact with water. 
 
5.4.1.3 Radioisotopes 
 
5.4.1.3.1 Carbon-14 
Carbon-14 has not been analysed during this study as the age of most 
groundwaters in the GAB is expected to exceed the practical maximum age dating 
limit of 30,000 – 40,000 years BP (Aravena et al. 1995). However, 14C has been 
previously studied in the GAB, suggesting that only groundwaters within or near the 
recharge area waters showed measurable levels of radiocarbon. For instance, Radke 
et al. (2000) analysed 14C of approximately 200 groundwater samples, identifying 
only measurable 14C values in groundwaters collected from the recharge area which 
corresponded to approximately 25% of their dataset. From these values with 
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measurable radiocarbon, only approximately 13% of the samples had values > 10% 
of modern carbon. 
 
5.4.1.3.2 Chlorine-36 
Ten groundwater samples were analysed for 36Cl during this study. The 36Cl/Cl 
ratios of samples range from 12.4 to 152.1×10-15. and their distribution is shown in 
Figure 5.7.  
 
 
Figure 5-7: Distribution of 36Cl/Cl ratios in the study area indicating a general decrease in ratio (and 
age) along groundwater flow, which goes from east to west (based on Ransley and Smerdon 2012). 
Datum GDA 1994 MGA Zone 54. 
 
The source aquifers of the 36Cl/Cl ratio samples are summarised in Table 5.2 
and Figure 5.7. Three samples were collected from the Cadna-owie/Hooray aquifers 
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in the Middle GAB Sequence (introduced in Chapter 4), seven samples were taken 
from the Lower GAB Aquifer Sequence (one sample in the Adori Sandstone, one 
sample in the Hutton Sandstone, one sample in the Moolayember Formation and four 
samples in the Clematis Group), whereas the other two samples were taken from the 
Betts Creek Beds, which are the coal seam bearing units located below the GAB 
sequence. 
The three samples with higher 36Cl ratios were collected from the recharge 
area. For the rest of the samples, there is a clear decrease of the 36Cl/Cl ratio as 
groundwater flows away from the recharge area, displaying the same pattern 
previously identified by Bentley et al. (1986b) and Torgersen et al. (1991). 
 
Table 5-2: Chloride concentration, 36Cl/Cl ratio and groundwater residence time of selected samples. 
SampleID pH EC Cl 36Cl/Cl Error Eq. 1 Eq. 2 Aquifer
uS/cm mg/L (x10-15)
23043 7.4 492 70 51.1 2.5 362 323 Clematis
93883 8.37 922 46 27 1.7 691 833 Hutton
11445 8.25 1555 147 41.1 2.1 471 111 Cadna-owie
5375 8.43 1157 151 46.4 2.3 402 31 Hooray
90255 7.37 490 110 92.1 4.8 106 152 Clematis
2513 6.82 613 150 152.1 6.5 Adori
103383 6.62 638 170 109.9 4.8 <100 Clematis
69512 8.83 512 41 50.1 3.2 371 563 Hooray
93887 7.57 1259 202 63.7 3.3 252 244 Moolayember
23489 8.4 1747 111 12.4 1 1166 927 Clematis
× 103 years
 
 
5.4.1.3.2.1 Groundwater age estimation 
Bentley et al. (1986b) defined three equations to estimate groundwater age 
based on 36Cl within the GAB, which were also used by Torgersen et al. (1991) and 
Love et al. (2000). Suckow (2014) highlighted the limitations of groundwater age 
determinations due to geological complexity and the inherent assumptions in the age 
estimation, suggesting that only activities or concentrations should be reported. In 
this study, we primarily consider the 36Cl/Cl ratios to study hydrological processes, 
but provide an estimation of age to convey the “time” component to non-specialists 
(e.g. public or groundwater managers), as recommended by Turnadge and Smerdon 
(2014). 
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The selection of the most suitable equation to estimate an age will depend on 
the Cl sources. In all cases, the initial condition and secular equilibrium of the system 
must be calculated assuming a closed system. When the Cl concentration is only 
attributed to recharge and, therefore under the assumption that there are no other Cl 
sources in the sequence and that there are no 36Cl sinks (apart from natural decay) but 
if 36Cl is solely produced by hypogene production, equation 1 can be used: 
 
ݐ ൌ 	െ ଵλయల ln
ோିோೞ೐
ோబିோೞ೐	                                                (Eq. 1) 
 
where t is the age, R is the measured 36Cl/Cl ratio, R0 is the initial 36Cl/Cl ratio, 
Rse is the secular equilibrium of 36Cl/Cl due to hypogene production and λ36 is the 
decay constant of 36Cl. However, chloride may also be introduced later in the system 
for example by diffusion and/or infiltration. If the new chloride is in equilibrium with 
the aquifer neutron flux, then equation 2 should be used, which is a correction of 
equation 1 incorporating the initial and measured chloride concentrations, C0Cl and 
CCl, respectively: 
 
ݐ ൌ 	െ ଵλయల ln
஼಴೗ሺோିோೞ೐ሻ
஼బ಴೗ሺோబିோೞ೐ሻ	                                       (Eq. 2) 
 
In addition, there is another scenario of how chloride may be added without an 
addition of 36Cl. This can happen when massive evaporates are diluted by 
groundwater flow (Bentley et al. 1986b; Torgersen et al. 1991). In this case, a third 
equation is required to estimate groundwater age. Massive evaporates have been 
identified in the western GAB recharge area (Herczeg et al. 1991) which is located 
approximately 1000 km away from the eastern recharge area (this study). In this 
study, this third equation will not be utilised as Cl/Br ratios close to the ratio of 
seawater (and thus cyclic salts, which are dominantly derived from seawater) have 
demonstrated the absence of dissolution of evaporates as a major source of chloride 
(discussed in Chapter 4). The implications of a different chloride source in the 
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western GAB for the application of 36Cl in groundwater studies were addressed in 
detail by Love et al. (2000). 
Groundwater age estimates using equations 1 and 2 are shown in Table 5.2. 
Initial values used for these equations are the same as previously presented for the 
GAB by Bentley et al. (1986b). The initial values are an initial 36Cl/Cl concentration 
(Ro) of 110×10-15, a secular equilibrium (Rse) of 5.7×10-15 and an initial chloride 
concentration (CoCl) of 64 mg/L. These values were calculated by Bentley et al. 
(1986) for the entire GAB but were later amended by Torgersen et al. (1991), who 
calculated different values for different transects (representing different flow lines). 
Coincidentally, one of the three transects studied by Torgersen et al. (1991) is located 
in the same area as this study, and the values used for this transect are the same 
calculated by Bentley et al. (1986b). Similarly to Bentley et al. (1986b) and 
Torgersen et al. (1991), estimated ages in this study increase down-gradient of the 
recharge area (Figure 5.7). All the samples follow this pattern when using equation 1, 
particularly as 36Cl/Cl ratios are inversely correlated with groundwater ages as 
expected. In case of equation 2, not all samples follow this pattern, which may 
indicate the necessity to redefine the initial chloride concentration (CoCl). The 
chloride concentrations of the samples in this study are higher than those measured 
by Bentley et al. (1986b), and therefore equation 2 is probably not entirely applicable 
for this study.  
There are only two samples, both collected in the recharge area that did not fit 
these equations. One of these samples has a 36Cl/Cl value of 109.9 ×10-15 (extremely 
close to the initial assumed value of 110×10-15), this indicates a possibly younger age 
than the upper limit of this method. The second dissimilar sample, with a 36Cl/Cl 
value of 152.1 ×10-15, may represent either the same, or it may indicate that the 
sample is contaminated by the 36Cl bomb pulse, which is supported by the absence of 
similarly high values  in the transect (Athol to Mutti Mutti Group) located in the 
same area (Torgersen et al. 1991). These authors only found relatively high values 
(up to 167×10-15) in samples located in the GAB recharge area but at the latitude of 
Mount Isa, where additional Cl sources were identified and values are therefore 
expected to be higher.  
The observed patterns of 36Cl/Cl ratios and age estimations do not show any 
evidence of inter-aquifer mixing or connectivity of deeper and shallower units. 
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However, as only 10 samples were analysed during this study, more work and a 
better spatial distribution are required to confirm these findings for the entire basin, 
particularly targeting areas near regional fault systems where vertical leakage may 
occur. 
 
5.5 DISSOLVED METHANE 
 
Faults can potentially play a key role on vertical groundwater movement 
between aquifers as described in Chapter 3. Groundwater bores collected in early 
December 2014 (Table 5.3) were sampled in the proximities of the Hulton-Rand 
Structure (where inter-aquifer mixing may occur as identified in Chapter 4) and near 
the Maranthona Monocline as intense bubbling gas was observed in a bore located 
close to the fault line (RN-93883) in March 2013. The results indicate that dissolved 
methane is present in two groundwater bores sampled next to the Maranthona 
Monocline, where concentrations of 2010 and 5130 µg/L were measured. Bore RN-
118355 is located 1670 m to the west of the Maranthona Monocline fault line, 
whereas bore RN-93883 is located 1230 m west of the same fault and 11530 m north 
of the previous bore. Both groundwater bores tap the Hutton Sandstone which is 
generally not expected to contain large amounts of methane as all δ13C values are 
negative (Table 5.1), and δ13C values indicating methanogenesis would be expected 
to be positive. A schematic representation of this inter-aquifer mixing zone is shown 
in Figure 5.8. 
The δ13C value for RN-93883 (-3.64 ‰), represents the highest δ13C signature 
measured for any Eromanga Basin unit in this study (there is no δ13C value available 
for RN-118355), and falls within the range of values which may indicate the 
influence of methanogenesis (Herczeg et al. 1991).  This may be explained by an 
upwards leakage of groundwaters which have been affected by methanogenesis 
within the coal seam bearing units. Based on this, higher concentrations of dissolved 
methane can be expected near the Maranthona Monocline, as both horizontal 
groundwater and gas flow are impeded at many of the faults identified in this study. 
Interestingly, field electrical conductivity (EC) in these bores ranges between 920 
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µS/cm and 1166 µS/cm, whereas the mean electrical conductivity of Hutton 
Sandstone groundwaters in the study area is 605 µS/cm. 
 
Table 5-3: Dissolved methane and major ion concentrations in selected bores close to faults. 
Abreviations; HRS: Hulton-Rand Structure, MM: Maranthona Monocline. 
Bore Fault pH EC T Ca Mg Na K HCO3 Cl SO4 F CH4
µS/cm °C µg/L
RN-314 7.49 400 42.2 5 <1 87 4 189 36 3 0.2 27
RN-308 7.3 452 56.5 2 <1 102 10 243 29 <1 0.3 216
RN-4251 HRS 7.69 739 49.5 4 <1 176 3 384 61 <1 1.6 121
RN-1923 HRS 7.48 727 56 4 <1 184 3 432 47 <1 2.0 1020
RN-1922 HRS 7.94 1054 51.8 4 <1 266 4 583 76 <1 3.4 348
RN-93883 MM 7.38 920 58.3 7 <1 220 6 553 48 <1 2.2 2010
RN-118355 MM 7.42 1166 56 4 <1 278 4 505 149 1 9.1 5130
mg/L
 
 
Figure 5-8: Cross section highlights the area where gas (red circles) and water migrates upwards along 
the Maranthona Monocline. Abbreviations: ACM, Aramac Coal Measures; sst, Sandstone. Vertical 
exaggeration 40x. 
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In addition, the groundwater temperature in these two bores, 56°C and 58.3°C 
respectively, is higher than the GAB mean of 48°C (Polak and Horsfall, 1979). The 
presence of dissolved methane in these two bores, together with higher electrical 
conductivity values and elevated temperture, support a possible upward leakage of 
gas and groundwater from the Betts Creek Beds through the Maranthona Monocline. 
The only two available samples tapping the Betts Creek Beds have positive δ13C 
values (5.98‰ and 6.63‰, respectively) indicating methanogenesis, and have 
electrical conductivities between 2316 µS/cm and 2416 µS/cm. High fluoride 
concentrations (Table 5.3) together with higher dissolved methane is observed in 
these samples, and similarly association of high fluoride concentrations with coal 
seam gas groundwaters were observed in the Walloon Coal Measures, in the adjacent 
Surat Basin (Averina et al. 2008; Navi et al. 2014).This also supports the likely 
mixing of CSG water with the GAB aquifers (e.g. Hutton Sandstone) along the 
Maranthona Monocline because of the similar pattern with CSG water in these 
basins.  
Measurable concentrations of dissolved methane (> 1000 µg/L) were also 
found in a groundwater bore adjacent to the Hulton-Rand Structure (RN-1923). This 
bore is located just 330 m north from the fault line and, consequently, can be used to 
support the hypothesis of inter-aquifer mixing via the Hulton-Rand Structure, as 
discussed at in section 4.5.2.1.1. The lower dissolved methane concentrations suggest 
that the degree of inter-aquifer mixing may expected to be less in the Hulton-Rand 
Structure than in the Maranthona Monocline, although more data and more 
comprehensive baseline surveys with a better spatial coverage are still required to 
constrain fault-induced inter-aquifer connectivity here and at other faults. 
 
5.6 CONCLUSIONS 
 
In this study, we have used complementary isotopic techniques to study 
groundwater recharge processes, aquifer connectivity and water-rock interaction in 
the Galilee and Eromanga basins in central Queensland, Australia.  
Carbonate dissolution has been confirmed as one of the major hydrochemical 
process controlling GAB groundwater evolution from the recharge area to the deeper 
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parts of the based on the negative correlation between δ13CDIC values and 87Sr/86Sr 
ratios. The influence of methanogenesis on groundwater has also been identified 
using δ13CDIC, but this identification was limited to samples collected from the 
containing coal seams. 
The overall small deviation of oxygen and hydrogen stable isotope signatures 
of groundwater from the meteoric water line suggest that transpiration is more 
dominant in increasing the concentrations of solutes.  
Strontium isotopes were used as a tracer to identify water-rock interaction. The 
assessment of strontium isotopes together with δ13C values and hydrochemistry 
indicates that there are three major processes that control the variation of 87Sr/86Sr 
ratios in the area. These processes are: firstly, interaction of groundwater with young 
volcanic rocks near the GAB recharge area and weathering of Na-bearing silicates, 
secondly, carbonate dissolution in the GAB westwards the recharge area, and lastly, 
silicate dissolution of K-bearing minerals in the Galilee Basin recharge area. 
The 36Cl/Cl ratios are highest in the recharge area and decrease gradually away 
from the recharge area. Conversely, this means that groundwater age increases along 
the flow path, and this steady increase and the absence of any anomalies along the 
pathway suggest that there is no indication of inter-aquifer mixing.  However, as only 
ten samples could be analysed for their 36Cl/Cl ratio, more work and an improved 
spatial coverage is required to provide a more representative overview on the spatial 
distribution of groundwater ages within the Galilee and Eromanga basins.  
Although isotopes could not provide any conclusive information on inter-
aquifer mixing, the analysis of dissolved methane concentrations near two faults 
(The Marathona Monocline and the Hulton-Rand Structure) suggested that leaking of 
gas and water from the Betts Creek Beds into the Hutton Sandstone may occur here. 
This highlights the potential significance of faults in CSG basins as they may behave 
as conduits of water and/or gas to shallower units or even to the surface. Faults are 
also indicated to be of high importance with shale gas basins, consequently, studying 
dissolved methane near faults may unveil possible gas pathways or areas where 
vertical permeability is naturally increased.  
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The main aim of this study is to determine whether the Galilee Basin coal 
seams are hydrologically connected to the overlying GAB (Eromanga Basin) 
aquifers, and also whether there is any connection between different GAB 
themselves in this region. In order to address the primary aim, three independent 
aspects needed to be understood related to,  
(a) influence of faults on groundwater movement,  
(b) the hydrochemical response to hydrological processes, and  
(c) hydraulic connection between the two lower GAB aquifers.  
These questions are addressed as three separate but linked research 
publications to understand the groundwater system of the nominated research area as 
a whole.  
In the first instance during the development of the 3D geological model, all the 
faults previously identified by mapping and in seismic surfaces were studied. Faults 
were separated into two groups, local faults and regional faults, related to how many 
displacement episodes affected them. Local faults recorded only one displacement 
episode, producing a vertical displacement of all aquifers by the same distance on 
opposite side of the fault, and the displacement is typically less than 100 m. Regional 
faults display more than one displacement episode, although it is not entirely clear 
how many episodes occurred; as these displacements were identified only in the 
seismic surfaces (Figure 3.5).  As a result, it is not known whether additional 
displacement episodes occurred between the two consecutive seismic surfaces 
identified.  Of note, is that the relative displacement of the aquifer sequence can be 
variable with larger displacements sometimes recorded in older units that have been 
affected by a greater number of displacement episodes. 
In regards to their influence on groundwater movement, local faults produce a 
minor effect only, as their displacements are small compared to regional faults and 
they do not necessarily cause disconnection of aquifers. Conversely, regional faults 
produce a substantial influence on groundwater flow. It is common for aquifers to be 
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entirely disconnected on opposing sides of these faults as aquifers are sometimes 
then juxtaposed against impermeable units, creating a barrier to horizontal 
groundwater flow. Two newly defined regional faults were identified in this study, 
here named the Lochern and Thomson River faults, providing new geological 
knowledge for this basin system.  
Hydrological processes occurring within these GAB groundwaters were 
identified by Factor Analysis of hydrochemical data in Chapter 4, and further defined 
by isotopic assessment in Chapter 5. Both Chapters 4 and 5 demonstrate that 
carbonate dissolution is the most important process controlling the groundwater 
evolution and it tends to increase with depth, although CO2 dissociation is the 
process responsible for the increase of carbonate species in the Upper GAB 
Sequence (i.e Winton and Mackunda formations). In the shallow recharge area of the 
basin evapotranspiration was identified as a major control of water chemistry 
(Chapter 4).  In Chapter 5, it was shown by  δ18O values that this process was mostly 
restricted to transpiration, as this isotope ratio is relatively constant through the study 
area and transpiration does not fractionate δ18O (Cartwright et al. 2012). Although 
degassing was shown to be an important process by Factor Analysis, in this study it 
has not been constrained by isotopic methods as no samples of gas were collected for 
this purpose.  
The most important findings of this study are summarised and discussed as 
follows, plus some recommendations for future work are suggested. 
 
6.1 THOMSON RIVER FAULT 
 
The Thomson River Fault was identified in the Maneroo Platform during the 
development of the 3D geological model (Chapter 3). Although this fault was 
demonstrated to be of major importance in regards to vertical displacement in the 
Maneroo Platform area, it had not previously been recognised or reported.  Of note, 
along this fault plane all aquifers are abutted against the impermeable basement 
because of the 650 m of vertical displacement.  This displacement is shown in the 
Cadna-owie seismic surface and forms a barrier to horizontal groundwater flow. 
Even though the lack of hydrological data on each side of the fault does not permit 
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confirmation of vertical groundwater flow and leakage, there are indications from 
stream gauging that the fault could be partially feeding the Thomson River. The 
indicated relevance of the Thomson River Fault to groundwater flow patterns as 
demonstrated by this study is significant and has now been incorporated into an 
ongoing numerical model developed by Geoscience Australia and Queensland 
DNRM as part of the Galilee Basin Bioregional Assessment Program. 
 
6.2 INTER-AQUIFER MIXING 
 
In general, regional scale inter-aquifer mixing was not confirmed by the use of 
36Cl in the study area, as there was a gradual age increase of groundwater residence 
time westward along the flow path. However, ten determinations of groundwater 
ages (36Cl) may be insufficient to characterise a 270,000 km2 area and to capture 
small-scale variability. The use of additional age tracers or methods (e.g. dissolved 
methane concentrations) may help to reduce these limitations. Despite the overall 
pattern, there could be local areas where inter-aquifer mixing may still occur. In 
particular, a potential area of mixing was identified immediately north of the Hulton-
Rand Structure (Figure 4.8; Section 4.5.2.1.1). This area highlights the absence of 
aquitards/confining units within two aquifers (Betts Creek Beds and Hutton 
Sandstone).  Here, Triassic units are partially absent and, where present, only the 
more permeable sandstone units are recognised in the well logs (AGL Energy 2012a; 
2012b). Mixing in this sector is also supported by hydrochemistry; the Hutton 
Sandstone is locally characterised by a water type more similar to the Betts Creek 
Beds than to its own mean character. 
An excellent example of inter-aquifer mixing through faults is the Maranthona 
Monocline where dissolve methane concentration highlights this process. Two 
samples were obtained in the proximities of this fault, both in the western side and 
tapping the Hutton Sandstone aquifer. Conversely to the Hulton-Rand Structure the 
Triassic units of the Galilee Basin that separates the Hutton Sandstone from the Betts 
Creek Beds are fully present and not partially absent. The samples indicates 
considerable amount of dissolved methane in the Hutton Sandstone (2010 and 5130 
µg/L)  that is not expected to be found as methanognesis it is only recognised in the 
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central part of the GAB (outside the limits of this study). In addition salinities and 
hydrochemistry are also not characteristics of the mean Hutton Sandstone and closer 
to the Betts Creek Beds. Consequently, dissolved methane concentrations and 
salinities indicate the possible occurrence of inter-aquifer mixing in this fault. The 
use of dissolved methane concentrations near regional faults in CSG basins has 
proved then its utility to study inter-aquifer mixing. 
Inter-aquifer mixing may also occur in the interface between the Maneroo 
Platform and the truncation of the Galilee Basin in a similar scenario as described 
above.  This is because the Galilee Basin truncates gradually against the Maneroo 
Platform, and aquitards separating aquifers may be locally absent. Lastly, inter-
aquifer mixing may be produced via faults, as groundwater may be conducted 
vertically along faults. All regional faults are shown to behave as barriers to 
horizontal groundwater flow. Therefore, groundwater may flow laterally or vertically 
as its previous flow path before reaching the fault is impeded. In order to constrain 
these flow interruptions, more groundwater dating is required and, in particular, the 
sampling of nested bore sites would be required on both sides of each fault.  
Inter-aquifer mixing has been recognised in two faults within the study area 
and although it has not been recognised in the others it has not been discarded as 
dissolved methane analysis close to these faults was not analysed and further 
analyses are still required. Both faults evidencing inter-aquifer mixing show that the 
degree of mixing is different in them, hence, a detail assessment is necessary in all 
regional faults either in CSG or shale gas basins as them usually present different 
characteristics. 
 
6.3 CONCLUSIONS 
 
The work presented in this study provides a better understanding of the 
geology and hydrogeology of a major section of the Galilee Basin, and its 
hydrological relation to the overlying Eromanga Basin which constitutes the lower 
formations of the GAB in this location.  The study integrates geological and 
hydrochemical/isotopic methods which have successfully addressed the stated aims 
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of the thesis, which are fundamentally to establish whether there may be potential 
hydraulic connectivity between aquifers and coal seams (or coal-bearing formations).  
Identification of faults and assessment of fault displacement is a key finding 
and enabled the evaluation of the role of faults as barrier/conduits to groundwater 
flow.  Assessment of groundwater chemistry enabled use of statistics to understand 
groundwater grouping and processes.  For example, Factor Analysis overcame 
limitations observed in Hierarchical Cluster Analysis and Principal Components 
Analysis enabling the identification of hydrochemical processes, and the 
combination of the three multivariate methods allowed the complete hydrochemical 
characterisation of the area and the understanding of groundwater evolution in the 
basin. Further, the use of various isotopic methods enabled further refinement of the 
hydrochemical processes and identification of additional processes such as silicate 
dissolution and assessment of regional inter-aquifer mixing. 
Significant findings of the study can be summarised as: 
Geology/hydrogeology: 
 Two previously unknown regional faults, the Lochern and the Thomson 
River faults, have been identified in the Maneroo Platform area. 
 Aquifers are abutted against the impermeable basement at the Hulton-
Rand and Tara Structures and the Thomson River Fault, suggesting that 
groundwater flow is impeded here. 
 Aquifers on the Dariven Fault, Maranthona Monocline and Stormhill Fault 
interface mostly aquitards (impermeable units) on opposite sides of the 
fault for above 70% of their thickness. 
 The Lochern Fault shows a dual behaviour as 50% of the aquifer thickness 
juxtaposes impermeable units on opposite sides of the fault and the other 
half juxtapose permeable units. 
Hydrochemistry/isotope hydrology: 
 Hydrochemically the GAB (i.e. Eromanga Basin) has been subdivided in 
three sequences (Upper, Medium and Lower) based on water type, 
electrical conductivity and hydrochemical processes. 
 136 Chapter 6: Discussion 
 
 The Hutton Sandstone (lowest Jurassic formation of the Eromanga Basin) 
is not hydraulically connected to the Clematis Group (an upper Triassic 
formation of the Galilee Basin).  These two aquifers are separated by the 
Triassic Moolayember Formation, which is an aquitard. 
 Carbonate dissolution is the main hydrochemical process affecting the 
Middle and Lower GAB Sequences groundwater, and the significance 
increases with depth.  
 Regional inter-aquifer mixing occurs through faults as evidenced by 
methane migration and dissimilar water types in the Hulton-Rand Fault 
and Maranthona Monocline. 
 
Other significant outcomes of the study are: 
 The GAB possesses a carbon footprint. 
 Communities using GAB groundwater needs to be aware of the natural 
occurrence of dissolved gas in the groundwaters, which are shown to be 
CO2 in the entire GAB, and CH4 in/around the regional faults. 
 Gas naturally occurring in groundwater may also occur in other 
sedimentary basins within eastern Australia, for example the Clarence-
Moreton Basin and the Surat Basin. 
 
A challenge in this study was that most pre-existing data are for the GAB formations, 
which in this area are those of the Eromanga Basin and the Triassic units of the 
Galilee Basin, and are sourced from groundwater or conventional petroleum 
investigations.  The CSG target formations are in the deeper Galilee Basin (Permian 
units), for which relatively limited data are available.  Current CSG drilling is 
providing new data. 
Several fundamental findings are that hydrochemically the deeper Galilee Basin 
groundwaters are Na-HCO3-Cl type with electrical conductivity around 2450 µS/cm 
and can be effectively distinguished from the overlying Lower GAB Sequence 
groundwaters which are Na-HCO3 type with a mean electrical conductivity of 530 
µS/cm.   Broadly, hydraulic connectivity does not exist between coal-bearing 
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formations and adjacent aquifers, largely due to the presence of low permeability 
aquitards.   However, in several areas the aquitard unit appears thin or absent, for 
example, around the Maneroo Platform and in the proximities of the Hulton-Rand 
Structure.  In these zones local leakage is possible. 
The current study also identified/confirmed numerous faults, some of which enable 
groundwater flow laterally, and others vertically.  It should be noted, however, that 
fault identification using seismic surfaces tends to locate only vertical features, and 
not included structures.  In several locations, groundwater bores near mapped faults 
were shown to have higher gas contents, particularly of dissolved CH4 and CO2 in a 
lesser extent, confirming the loss of gas via permeable structures, whereas 
groundwater bores away from bores do not present considerable amount of CH4 but 
they present higher amounts of CO2.  This finding also has implications for CSG 
exploration. 
 
6.4 RECOMMENDATIONS AND FUTURE WORK 
The points developed here are features of note that are indicated from the 
current study, and are of significance, but would form the basis of potential future 
work. 
 
6.4.1 Fault Evaluation 
 
All regional faults were evaluated in Chapter 3 as either potential 
barrier/conduits to groundwater flow based on aquifer vertical displacement along 
the faults. This preliminary characterisation identified that most of the faults may be 
considered as barriers in future numerical models in regards to horizontal flow. 
Unfortunately, the fault zone itself was not considered during this preliminary 
assessment because there were no data available on fault zone characteristics (e.g. 
mineralogy and thickness) for any regional faults. In this region, all drill holes used 
as input data during the geological model development do not intersect faults, 
because either the drill holes or faults are vertical. Fault zone character may also 
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provide an influence on how groundwater moves through faults due to their thickness 
and mineralogical material. 
As noted in section 6.2, methane was observed in groundwater bores (tapping 
the Hutton Sandstone) located next to the Maranthona Monocline fault line 
indicating upward leakage of methane from the Betts Creek Beds. This fault is 
located very close to the limit where the Galilee Basin is truncated against the 
Maneroo Platform. Hence, it is advisable to carry out a detailed baseline assessment 
of methane leaking to GAB aquifers through faults in areas where the coals seams 
may truncate against faults. This could also occur, for instance, in the Hulton-Rand 
and Tara structures. 
 
6.4.2 Groundwater bore monitoring network 
 
One of the biggest limitations when selecting groundwater bores to be sampled 
and acquiring new hydrochemical and isotopic data in the Galilee Basin was the 
limited number of bores tapping the basin units. In addition, around 80% of these 
bores are located in the Galilee Basin recharge area which is located outside the 
GAB limits. Because of this, the recharge area could not be properly characterised 
and differences were identified with regards to the GAB recharge area. In spite of 
only 22 Eromanga Basin bores that were sampled during this study there were more 
than 500 analyses available in the DNRM groundwater database of the Eromanga 
Basin that could also be included in the hydrochemical characterisation carried out in 
Chapter 4. For this reason, a very comprehensive study on the GAB hydrochemical 
processes and groundwater evolution was done, but for the reasons mentioned above, 
this characterisation includes only a small number of analyses in the deeper parts of 
the Galilee Basin. 
In order to achieve a comprehensive characterisation of the Galilee Basin 
groundwaters more information is needed. Figure 4.8 show the differences in data 
available in both basins, and particularly how groundwater evolution can be traced in 
GAB units but not in the Galilee Basin. It is proposed that new groundwater bores 
need to be drilled to tap and monitor Galilee Basin units to the west of the GAB 
Jurassic aquifers recharge area (Figures 5.3). The key units that need to be better 
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characterised are the Moolayember Formation, Clematis and Rewan groups, the 
Betts Creek Beds and the Aramac Coal Measures.  
Based on the available data, the Moolayember Formation has been categorised 
as an aquitard disconnecting the Hutton Sandstone and the Clematis Group (Figure 
4.10). However, the bottom GAB aquifers and their connectivity has not previously 
been addressed. The disconnection identified in this study is supported by 
hydrochemical data in the shallow Moolayember Formation and by mineralogical 
data in the southern Galilee Basin. Groundwater in the deeper Moolayember 
Formation is expected to evolve geochemically and be distinguishable from its initial 
hydrochemical signature. Regarding the Clematis Group, it also needs to be better 
characterised as the basal aquifer of the GAB. With respect to the Rewan Group this 
in an aquitard separating the bottom of the GAB with the coal seam bearing units. 
Mineralogy of the Rewan Group may also indicate disconnection as is similar to the 
Moolayember Formation but it needs to be complemented with water chemistry data 
that is currently extremely scarce in this unit (less than 10 available analyses) despite 
the great relevance of this unit to understand the connectivity between the Permian 
coal seams and the GAB aquifers (the main aim of this study). Lastly, the Betts 
Creek Beds and Aramac Coal Measures are the coal seam bearing units and require a 
better understanding. There are only three bores with groundwater chemical data 
available for the Betts Creek Beds and none for the Aramac Coal Measures.  
Additionally, an improved monitoring network consisting of nested 
groundwater bores is needed on opposite sides of faults where aquifers are 
juxtaposed against other aquifers, aquitards or the basement, to constrain findings of 
Chapter 3, particularly with regards to horizontal disconnection. As can be observed 
in Figure 4.8, there are no groundwater bores on opposite sides of the Stormhill and 
Thomson River faults, even though both faults influence notably groundwater flow 
in the Maneroo Platform area. A similar scenario may be observed in the Tara 
Structure, Dariven Fault and Maranthona Structure (Figure 4.3), where only two or 
three bores are identified on both sides of each faults characterising units that are not 
juxtaposing to each other on opposite sides of each fault. 
 
 140 Chapter 6: Discussion 
 
6.4.3 Mineralogical assessment 
 
Water-rock interaction has proven to be very important in the area, owing to 
the long groundwater residence time. In particular, carbonate dissolution has been 
identified as a main hydrochemical process occurring in GAB groundwater and 
silicate dissolution in the northern Galilee Basin recharge area. The mineralogical 
assessments used in this study were conducted by Herczeg et al. (1991) on the GAB 
aquifers and aquitards. They have analysed only 15 cores to characterise the entire 
GAB, and even though it provides a very good idea of the basin mineralogy it is 
insufficient to comprehensively characterise a basin of over 1,000,000 km2. 
Furthermore, no data is provided on the location of these bores and there is no clarity 
on how close they could be to the area studied in this study. Because of this, much 
uncertainty remains about the Eromanga Basin mineralogy and the differences with 
the Galilee Basin mineralogy and how they can influence groundwater chemistry. In 
the case of the Galilee Basin, mineralogy was studied by Grigorescu (2012) in the 
southern Galilee Basin but in the deep part of the basin, although not near the 
recharge area. Silicate dissolution is based on radiogenic 87Sr/86Sr ratios (>0.715) that 
are located only in a small part of the northern Galilee Basin recharge area (Figure 
5.7). Consequently, local mineralogical variations are expected to occur throughout 
the Galilee Basin and a more focused mineralogical assessment is necessary where 
the radiogenic values are recognised to better constrain water-rock interaction. 
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Hydrochemical approach of the Galilee and Eromanga basins – Preliminary 
Results 
 
Claudio Moya, Malcom Cox, Matthias Raiber and Mauricio Taulis 
School of Earth, Environment and Biological Sciences, Queensland University of 
Technology, Brisbane, Australia. claudio.moya@qut.edu.au 
 
The Galilee Basin has become an important target for the coal seam gas 
industry in Queensland. In order to protect the aquifers of the overlying Eromanga 
Basin (sub-basin of GAB), it is important to understand the connectivity between the 
different water bearing units of the Galilee and Eromanga basins and the coal seams 
prior to any gas extraction. 
A 3D geological model is developed using GOCAD to understand the 
distribution, thickness and structure of all units present in the area as a framework for 
the hydrochemical and hydrogeological assessment. 
Using classical hydrochemical methods (e.g. Piper and Schoeller diagrams) 
applied to water chemistry data from groundwater bores contained in the Department 
of Environment and Resource Management database, the Galilee-Eromanga basins 
can be divided into two parts based on their different water signatures: the upper part 
(Winton to Wallumbilla formations) is characterised by Na-Cl groundwaters, 
whereas groundwater in the Wallumbilla Formation is of Na-HCO3 type. The lower 
part (Cadna-owie to Betts Creek Beds formations) has a NA-HCO3 water type and 
lower salinities than the upper part. One exception in the lower part is the 
Moolayember Formation, which marks the top of the Galilee Basin and contains Na-
Cl  type groundwaters. 
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More work is required to assess the connectivity between aquifers and 
aquitards and for this reason complementary techniques such  as multivariate 
statistical analysis and stable and radiogenic isotopes (including δ2H, δ18O, δ13C, 
δ15N, δ34S, 87Sr/86Sr, 14C and 36Cl) will be used. All the isotopic and new chemical 
data will be sampled and analysed for this study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Appendices 159 
Appendices 
Appendix B 
Conference Abstract – IV Eastern Australasian Basin Symposium 
Brisbane, Australia, September 2012 
 
Development of a 3D Geological Model of the Galilee and Eromanga Basins-
Approach and Features 
 
Claudio Moya1, Malcolm Cox1,2, Matthias Raiber1,2 and Mauricio Taulis1 
1School of Earth, Environment and Biological Sciences, Queensland University of 
Technology, Brisbane, Queensland, Australia.  
2National Centre for Groundwater Research and Training, Australia. 
  
Over the last few years, the Carboniferous to Triassic Galilee Basin has 
become the focus for new coal seam gas exploration in Queensland. The main target 
coal seams of the Galilee Basin are of Permian age and underlie the aquifers of the 
Eromanga Basin which is part of the Great Artesian Basin.  Due to this stratigraphic 
relation, it is important to assess any potential hydraulic connection between these 
basins.  An initial goal of this study is the construction of a 3D geological model. 
Although the geology and stratigraphy of these basins have been studied in the past, 
in many instances out-dated stratigraphic nomenclature has been used, particularly 
for the Eromanga Basin. The stratigraphy of wells drilled prior to 1975 is often based 
on old stratigraphic names. After a careful study of the lithology and wireline logs, 
these stratigraphic names have been revised to follow the current stratigraphic 
nomenclature accepted by Geoscience Australia. 
The 3D geological model covers an area of 215 x 285 km and is developed 
using GOCAD modelling software.  The model is based on 106 petroleum and coal 
seam gas exploration wells (including wireline logs, lithologic logs and stratigraphic 
interpretations), plus102 groundwater bores (DERM database).  Either in exploration 
wells as in groundwater bores depths range from 661 m to 4137 m. In addition to 
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stratigraphic data, pre-existing seismic surfaces (e.g. C horizon, P horizon and 
basement) and other interpreted surfaces are incorporated in the model (e.g. base of 
Jurassic, top of Rewan and top of Aramac).   
A further requirement of the model development is the identification and 
inclusion of the main geological structures, which are not included in previous 
models of the area.  Faults can have major hydrological significance, and have been 
interpreted largely from seismic surfaces.  Features include the Hulton-Rand 
structure, which was related to the Maneroo Platform uplift and the subsequent 
truncation of the Galilee Basin in the southern part of the area.  Another task is the 
digitalization of the boundary surfaces which mark the top of the various formations, 
based on stratigraphic markers from different data sets.  
Preliminary results generally agree with previous seismic surveys.   Confirmed 
is that the highest point of the basement is the Maneroo Platform, and the thickest 
sediment sequence of the Galilee Basin is near the Koburra Trough. Within the lower 
Galilee Basin, the Carboniferous and Permian formations (including coal bearing 
units) are of relatively constant thickness;  in the Triassic upper Galilee Basins 
formations are more widespread in the eastern part, and are partly absent in the west 
of the model area.  Formations of the overlying Eromanga Basin dip to the west-
southwest and are of relatively uniform thickness, although some may be partially 
absent in the area of the Maneroo Platform. 
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Aquifer interconnectivity in the Galilee and Eromanga basins – Preliminary 
results 
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KEY WORDS Galilee Basin, Great Artesian Basin, coal seams, three dimensional 
model 
ABSTRACT 
An integrated hydrogeological study is currently being undertaken in the 
Galilee and Eromanga basins as the basis of an aquifer interconnectivity study of 
Permian coal seams and the overlying aquifers of the Great Artesian Basin (GAB).  
This study aims to understand the stratigraphic relationships between the different 
formations, their water-bearing character, and the potential for hydrological 
interaction between them.   
A three-dimensional geological model has been developed using Gocad 
software based on drill hole data from 125 wells from the Queensland Digital 
Exploration Report System; the most recent were drilled in 2010 and became 
available at the end of 2012. Drillhole data is supported by 5 seismic surfaces, 
representing the Top of Basement, Top of Aramac Coal Measures, Top of Betts 
Creek Beds, C-horizon and Top of Toolebuc. The model domain is 215 x 285 km, 
the first stage of which does not include geological structures, and shows the relative 
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extent and thickness of each geological unit and their relationships. Results mostly 
agree with previous seismic surveys but differ at the basin margins towards the 
eastern border of the model where dips are steeper than expected. Also the edges of 
the Galilee Basin are slightly different from previous studies. As the second stage of 
the model development, a structural model will be developed, which will incorporate 
folds and faults.   
Sixty groundwater samples are being analysed for chemistry (anions, cations, 
trace elements) and isotopes (δ2H, δ18O, δ13C, 87Sr/86Sr, 14C and 36Cl). Preliminary 
field results show obvious differences in hydrochemistry between coal seams and 
GAB aquifers. In addition, groundwater bores tapping Jurassic GAB aquifers 
(particularly Hutton and Hooray sandstones) have appreciable gas content; one bore 
with high gas discharge was analysed for methane to test a possible link to coal 
seams. Collaboration with industry has been essential in this study, particularly for 
data collection and in field operations.   
Results at hand are preliminary, and require further interpretation. However, 
the use of the 3D geo-framework has been highly effective in establishing 
hydrostratigraphy, understanding bore locations and depths, and in assessing 
hydrochemical variations and their causes.   
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Assessment of aquifer/aquitard connectivity in the Galilee and Eromanga basins 
using geology, hydrochemistry and 87Sr/86Sr isotopes. 
 
Moya, Claudio1, Raiber, Matthias2, Cox, Malcolm1,3 
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2 CSIRO Land and Water 
3 NCGRT, National Centre for Groundwater Research and Training. 
 
An integrated geological and hydrogeological study is currently being 
undertaken in the Galilee and Eromanga basins as part of an investigation that aims 
to assess the degree of connectivity between Permian coal seams of the Galilee and 
the overlying aquifers of the Great Artesian Basin (GAB).   
Previous studies of groundwater hydrology in the GAB have shown that there 
are two main aquifer sequences that can be identified based on the differences in 
their potentiometric surfaces and chemical character. The lower aquifers (Jurassic-
Early Cretaceous) are artisan, with water of 500-1500 mg/L and of Na-HCO3 type.  
The upper Cretaceous aquifers are mostly sub-artisan, with salinities of 1000-3000 
mg/L and Na-Cl type. 
To better study the potential relation between these basins and their water-
bearing formations we have also utilised multivariate analysis of hydrochemical data, 
including within the same aquifer group. Historical samples (365) sourced from the 
DNRM groundwater database were used for this purpose. In a first step, a 
hierarchical cluster analysis (HCA) of water chemistry data was carried out, leading 
to the identification of four distinct hydrochemical clusters. In the upper aquifer 
group of the GAB, samples of the Wallumbilla Formation are assigned mostly to the 
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cluster 1 and 4, while the other formations of the upper group typically clusters as 2 
and 3; this indicates that the Wallumbilla Formation is chemically different from the 
other formations. In the lower Jurassic aquifer group of the GAB, samples of the 
Hutton Sandstone are mostly within clusters 1 and 4, whereas samples from the other 
units are mostly assigned to cluster 2.  
In order to determine whether the differences in hydrochemistry are related to 
recharge processes or water-aquifer interaction, 65 samples were analysed for 
87
Sr/
86
Sr (the Sr isotope ratio is controlled mostly by interaction with the aquifer 
material). The analysis shows that there is a high degree of variability of 87Sr/86Sr 
signatures in the groundwater, with values ranging from low radiogenic ratios to 
close to the Phanerozoic seawater ratio (0.704960 to 0.711989:46 samples). 
However, there is also a group with highly radiogenic ratios that have not previously 
been identified in GAB aquifers (0.712314 to 0.724204: 19 samples).  Most of the 
high radiogenic values were identified from the Triassic units of the Galilee Basin, 
but two are from the Hutton Sandstone and the Westbourne Formation, respectively.  
All the samples with highly radiogenic strontium isotope ratios can be linked to one 
of the hydrochemical clusters found in the HCA, suggesting that aquifer mineralogy 
is a major control on the groundwater composition.  
 
